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ABSTRACT 
 
 In recent decades, thermochemical conversion of lignocellulosic biomass has 
gained popularity as a means to supplement or replace petroleum. Fast pyrolysis bio-oils 
have emerged as a potential source for transportation fuels and value-added chemicals. A 
lack of molecular-level understanding has stalled progress toward fast pyrolysis as an 
economically feasible option. To address this roadblock, this research focuses on high 
resolution mass spectrometry (HRMS) applications to molecular-level understanding of 
biomass pyrolysis. 
 Negative mode atmospheric pressure photionization (APPI) and Fourier transform 
ion cyclotron resonance (FTICR) mass spectrometry (MS) are applied to nitrogen-rich 
switchgrass bio-oil and gasification tar for characterization and comparison. When 
compared with (+) APPI and positive and negative electrospray ionization, (-) APPI 
ionizes a wider range of compounds and provides a more comprehensive overview of the 
compounds present. The compounds accessed by (-) APPI are also generally accessed by 
one of the other ionization methods, but (-) APPI ionizes them with less specificity for a 
single group of compounds. 
 A novel HRMS system for biomass pyrolysis analysis is introduced. Gas 
chromatography is coupled with dopant-assisted atmospheric pressure chemical 
ionization (dAPCI) for analysis by a time-of-flight mass spectrometer (TOF MS). 
Ammonia gas serves as the dopant. The ammonium adduct ions prevent the 
fragmentation observed in dopant-free APCI. Water plays a crucial role in the ionization 
viii 
 
 
process; thus, a humidification system for dAPCI is created to provide constant humidity. 
All compounds demonstrate improved signal and ionization with controlled humidity. 
 A micropyrolyzer (μPy) is attached to the dAPCI-TOF MS system and thin-film 
glucose labeled on carbons 1, 3, or 6 with 
13
C is pyrolyzed and analyzed in real-time to 
study reaction pathways. The real-time data acquired validates or invalidates previously 
proposed mechanisms. Alternative reaction pathways are suggested when the mechanism 
is invalidated. Glyceraldehyde, a C3 compound difficult to detect with traditional 
analytical methods, is shown to play an important role. 
 Single particles of whole biomass are pyrolyzed and analyzed with the μPy-
dAPCI-TOF MS for a unique comparison of herbaceous, softwood, and hardwood 
lignocellulosic biomass. Different temporal profiles for holocellulose and lignin 
decomposition products are observed. A series of the most dominant phenolic compounds 
occurs at m/z 133, 163, and 193, related to the monolignol monomers. Smaller, highly 
oxygenated compounds are more abundant for the hemicellulose-rich herbaceous 
feedstock whereas levoglucosan is dominant in both hardwood and softwood. 
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CHAPTER 1 
INTRODUCTION 
 
A (Brief) Discussion of Fast Pyrolysis Biofuel Analysis 
 As global demands for energy continue to rise dramatically, there is increased 
interest in finding a viable replacement for fossil fuels. Fast pyrolysis of lignocellulosic 
biomass is one method which has garnered recent attention.
1-2
 The thermochemical 
conversion process of fast pyrolysis occurs at a moderate temperature (400-600 °C) in the 
absence of oxygen in a short time frame (a few seconds) and produces high yields (>60 
wt%) of condensable vapors, or bio-oils.
2-5
 These bio-oils can then be upgraded to drop-
in transportation fuels or commodity chemicals.
6-7
 As a transportation fuel, bio-oil offers 
low NOx and SOx emissions as well as reducing net carbon emissions compared to 
petroleum fuels.
8
 However, due to the oxygen content in lignin and holocellulose in the 
original biomass, bio-oil suffers from a number of problems not present in petroleum: it 
has an extremely high water and oxygen content, many of the compounds are polar, it is 
very acidic and corrosive, and it is very unstable and reactive.
9
 As such, long term storage 
is difficult, and bio-oil requires extensive upgrading to serve as a feasible transportation 
fuel.
2, 8, 10
 
 Bio-oil itself is an extremely complex mixture. that typically contains both a 
water-soluble and a water-insoluble phase. Both of these phases contain both volatile and 
non-volatile species. Analyzing such a complex mixture in one step is a daunting 
challenge. Standard characterization relies largely on bulk property measurements, such 
as pH, water content, elemental analysis, density, viscosity, and heating values.
5, 9
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Structural and molecular data is commonly achieved using Fourier transform infrared 
(FTIR) spectroscopy, nuclear magnetic resonance (NMR), and gas chromatography 
coupled with mass spectrometry (GC-MS).
11-13
 However, these techniques suffer from 
significant limitations. FTIR and NMR provide averaged information on the functional 
groups present.
11
 GC-MS is limited to volatile compounds that can survive the time it 
takes to elute from the GC column, typically 45-60 minutes. ; this means that metastable 
intermediates and thermally labile compounds are lost or suppressed in addition to non-
volatile species remaining undetected. Even when the data is collected directly from a 
pyrolyzer, it is only analyzed after separation and loss of these compounds. Additionally, 
electron impact (EI) ionization is a highly energetic process which creates extensive 
fragmentation. This fragmentation allows for reliable identification with the use of a 
database. However, if the compound is fragile and fragments too extensively, it will be 
unidentifiable using the database or will be misidentified. Compounds which are not 
found in the database and do not have commercially available standards for validation 
also cannot be identified with this method. This is especially problematic for compounds 
derived from holocellulose (e.g., levoglucosan, furans). High resolution mass 
spectrometry (HRMS) techniques have been adapted to address some of these 
shortcomings. 
 
Atmospheric Pressure Ionization and High Resolution Mass Spectrometry 
 HRMS coupled with appropriate ionization methods has emerged as an alternative 
for whole bio-oil analysis. Much of whole bio-oil analysis has been adapted from 
methods for analyzing petroleum oils which use atmospheric pressure ionization (API) 
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techniques coupled with HRMS, proving that bio-oils can be handled with established 
petroleomic procedures. API techniques are typically most successful with biofuels due 
to their ability to ionize a wide range of compounds, especially non-volatiles unaccessed 
by GC-MS. However, these sources tend to have selectivity towards certain groups due to 
their ionization mechanisms. For example, negative mode electrospray ionization (ESI) 
strongly favors compounds with acidic protons due to its ionization mechanism by which 
a molecule is deprotonated; it is less effective for compounds which do not have acidic 
protons (e.g., hydrocarbons). This makes (-) ESI an excellent ionization source for bio-oil 
which contains many species with acidic protons; however, it will underestimate the 
presence of neutral and basic species present. Dopants can be used to alleviate some of 
this selectivity. In any API-HRMS analysis, the selectivity of the ionization technique 
must be taken into careful consideration when selecting an ionization source. 
 Our group has had great success in analyzing pyrolysis products with API-HRMS. 
Smith and Lee successfully used laser desportion ionization (LDI)-linear ion trap-
Orbitrap to determine the chemical compositions of over 100 compounds in loblolly pine 
bio-oil, which were found to be mostly non-volatile phenolic compounds.
14
 Smith et al. 
compared (-) ESI on three different HRMS instruments for analysis of red oak bio-oil, 
finding the (-) ESI is typically dominated by low mass (m/z 100-250) compounds.
15
 (-) 
ESI was able to effectively characterize compounds from the pyrolysis of holocellulose, 
and they were able to assign chemical compositions to over 800 species. Cole et al. 
combined LDI, (-) ESI, and positive-mode atmospheric pressure photoionization (APPI) 
to analyze switchgrass biochar.
16
 Fast pyrolysis biochar was found to contain compounds 
from the decomposition of lignin and of holocellulose similar to fast pyrolysis bio-oil 
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while gasification char was found to contain polyaromatic hydrocarbons (PAHs). Smith 
et al. utilized (-) ESI and (+) APPI coupled with HRMS to study bio-oil aging.
17
 Lee et 
al. analyzed lipids extracted from algal bio-oils using positive mode ESI, APPI, APCI, 
and MALDI.
18
 Cole et al. used (-) ESI, (+) ESI, and (+) APPI coupled with Orbitrap mass 
spectrometry (MS) to identify nitrogen-containing species in switchgrass bio-oil, 
successfully identifying nearly 300 nitrogen-containing compounds, including pyridine- 
and imidazole-based compounds.
19
 Finally, Cole and Lee applied a novel system that 
couples a micropyrolyzer with GC to a time-of-flight mass spectrometry (TOF MS) to 
successfully evaluate in situ catalytic fast pyrolysis.
20
 
 In addition to the work by the Lee group, the Kenttämaa group at Purdue 
University has had seen success using API-HRMS to analyze pyrolysis products. A large 
number of projects were performed on a ThermoFinnigan LTQ linear quadrupole ion trap 
(LQIT) and utilize its tandem MS capabilities. Despite doing a significant amount of 
API-MS work,
21-25
 little has been conducted with HRMS. Owen et al. characterized 
lignin degradation products with FT-ICR MS.
26
 Jarrell et al. used LQIT/FT-ICR (-) ESI 
with a hydroxide dopant to characterize lignin.
27
 Several other works attach a pyroprobe 
reactor to this system in order to study pyrolysis products. Hurt et al. and Degenstein et 
al. used this system to analyze cellulose and carbohydrate pyrolysis; Hurt et al. used the 
FT-ICR component while Degenstein et al. did not.
28-29
 Degenstein et al. also used this 
pyroprobe-APCI-LQIT system to analyze 
13
C-labeled cellobioses.
30
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Observing and Studying Kinetics in Fast Pyrolysis 
 A major roadblock to the forward progress of fast pyrolysis bio-oils has been a 
lack of experimentally validated fundamental understanding of the thermochemical 
conversion processes.
8
 In order to solve this, the investigation of fast pyrolysis kinetics 
has been underway for over three decades now though knowledge remains very limited. 
Since cellulose is the least complex component of biomass and usually the most abundant 
building block (up to 60 wt%), it has become the most widely studied feedstock for 
kinetics.
1-2, 8, 31-33
 Until recently, kinetics was only represented using a lump-sum model, 
such as the Broido-Shafizadeh model (Scheme 1).
31-33
 As seen in Scheme 1, cellulose 
first forms an “active cellulose” form which then decomposes to produce products in one 
of two lumped categories: volatiles (i.e., bio-oil) or solid and gas (i.e., char and non-
condensable gases). These lump-sum models are able to adequately explain volatilization 
rates and overall yields, but they fail to explain the decomposition pathways in any detail. 
These models also neglect important phenomena such as phase transitions, conduction 
effects, or aerosol formation/ejection. The simplification in these models results in 
extensive disagreement between the kinetics parameters obtained by different groups 
over the last several decades.
31-33
 
 
 
Scheme 1. The Broido-Shafizadeh lump-sum model. 
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 Several recent improvements in pyrolysis have provided breakthroughs in the 
fundamental understanding of the pyrolysis process. Using a focused xenon lamp, Lédé 
and coworkers developed radiant flash pyrolysis which revealed the presence of non-
volatile oligomers from intermediates when immediately quenched.
34
 Dauenhauer and 
coworkers used high speed photography to visualize aerosol ejection from molten 
cellulose as well as a wetting effect in crystalline cellulose particles at fast pyrolysis 
temperatures (around 500 °C).
35-36
 Most recently, the Dauenhauer group developed a 
thermal pulsing reactor, named the Pulse-Heated Analysis of Solid Reactions (PHASR). 
The PHASR allows for precise control of heating time on a millisecond timescale and 
analyzes the product distributions with GC-MS.
37
 This system was successfully applied 
to cellulose pyrolysis and demonstrated the size-dependence of reaction kinetics (i.e., 
reaction-limited to transport-limited reaction kinetics at 60 μm thickness) and 
temperature-dependent change of reaction mechanisms (i.e., from chain-end cleavage to 
intra-chain cleavage at the temperature of 467 °C).  
 In light of these breakthroughs, there were several important advances in fast 
pyrolysis kinetics. These advances help to address the shortcomings of the lump-sum 
model revealed by the discoveries of the last 15 years. Seshadri and Westmoreland 
modeled glucose pyrolysis using gas-phase quantum-chemistry and statistical-mechanical 
calculations.
38
 Agarwal et al. also performed ab initio simulations for cellulose pyrolysis, 
revealing important free energy barriers that explain the preferential formation of 
levoglucosan.
39
 Vinu and Broadbelt proposed a mechanistic model for cellulose pyrolysis 
that utilizes a complex network of elementary reactions; this model was refined and fitted 
to experimental data by Zhou et al. in 2014.
40-44
 Paulsen et al. and Mettler et al. 
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developed thin-film pyrolysis to explore the role of sample dimension in pyrolysis 
kinetics.
45-46
 Despite these recent technical and mechanistic advances, there currently is 
no tool available that can monitor the pyrolysis reaction product in real-time, which 
would allow for true kinetics to be elucidated. 
 
Research Objective and Approach 
 This research aims to further novel applications of API-HRMS for the analysis of 
fast pyrolysis biofuels. Novel ionization techniques and analytical platforms are 
investigated to provide information on fast pyrolysis and its products that is not 
achievable with more traditional analysis, such as GC-MS. These API-HRMS systems 
provide unparalleled abilities for molecular-level observations. For example, the ability to 
observe isotopically labeled products from glucose pyrolysis in real time provides 
evidence for reaction pathways which were not previously proposed. The information 
from this project can be used to improve fast pyrolysis processes, aid in feedstock 
selection, and help optimize downstream refining. This work takes the API-HRMS 
methodology further by applying it not only to carbohydrates but to a variety of whole 
biomass in a unique comparison of the pyrolysis behavior of herbaceous, hardwood, and 
softwood biomasses.  
 
Dissertation Organization 
 This dissertation is organized into six chapters and one appendix. The first chapter 
(above) provides an introduction to fast pyrolysis and the analysis of biofuels, 
atmospheric pressure ionization (API) coupled with high resolution mass spectrometry 
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(HRMS) for the improved molecular-level analysis of these biofuels, and the current state 
of fast pyrolysis kinetics. The second chapter compares negative mode atmospheric 
pressure photoionization, a relatively new API technique, to more established techniques 
such as negative and positive mode electrospray ionization and positive mode 
atmospheric pressure photoionization for nitrogen-rich switchgrass biofuels in order to 
find an ionization technique that is able to ionize a wide range of compounds in Fourier 
transform ion cyclotron resonance MS. The third through fifth chapters and the appendix 
discuss a novel API-HRMS system which couples a micropyrolyzer (μPy) to a high 
resolution time-of-flight mass spectrometer (TOF MS) using a gas chromatograph (GC) 
with and without chromatographic separation and a dopant-assisted atmospheric pressure 
chemical ionization (dAPCI) source interface. Chapter three discusses the importance of 
humidity in the GC-[d]APCI system and introduces a setup built in-house to provide 
constant humidity to the source. Chapter four explores primary reaction pathways of 
glucose pyrolysis utilizing this μPy-[GC]-dAPCI-TOF MS system to study the behavior 
of glucose which has been selectively labeled with 
13
C. Chapter five explores the 
pyrolysis behavior of herbaceous, hardwood, and softwood whole biomass on the single 
particle level in real time. The sixth chapter provides a general discussion of the works 
presented here, general conclusions, and future directions and applications for the μPy-
[GC]-dAPCI-TOF MS system. The appendix discusses an application of the μPy-dAPCI-
TOF MS system to carbohydrate pyrolysis to probe the pyrolysis behavior of glucose-
based carbohydrates in real time. 
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Abstract 
 Fast pyrolysis conversion of biomass offers a promising source of drop-in 
transportation fuels, and gasification of biomass offers a potential alternative to fossil 
fuels for commercial power production. However, both thermochemical processes 
currently suffer limitations due to bottlenecks in reactor design which result in fuel 
problems, such as tar buildup in gasification and bio-oil which requires extensive 
upgrading. Analyzing these fuels on a molecular level can provide insight to help solve 
the design bottlenecks but ionization remains a problem. In this work, negative-mode 
atmospheric pressure photoionization (APPI) is compared to three more common 
ionization modes (positive APPI, positive electrospray ionization, and negative 
electrospray ionization) in order to determine whether it is a less selective ionization 
source for whole biofuel analysis when coupled with high resolution Fourier transform 
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ion cyclotron resonance mass spectrometry (FT-ICR MS). Negative APPI-FT-ICR MS is 
able to ionize a range of compounds which encompasses those ionized by (+) APPI, (+) 
ESI, and (-) ESI. Additionally, (-) APPI shows less selectivity towards any one 
heteroatom class than the other three ionization methods, providing a more complete 
molecular-level view of the biofuels without using multiple ionization methods. 
 
Introduction 
 Thermochemical conversion of biomass offers a promising alternative to 
petroleum products, such as transportation fuels from fast pyrolysis bio-oils and syngas 
from gasification.
1-4
 Fast pyrolysis is a process by which biomass is rapidly heated at 
moderate temperatures (around 500 °C) in the absence of oxygen to produce condensable 
bio-oil. By gaining a thorough understanding of bio-oil on a molecular rather than bulk 
level, reactor designs can be refined and techniques for upgrading bio-oils to drop-in 
fuels can be developed.
1, 5
 Gasification converts biomass into syngas (primarily CO and 
H2) at high temperatures (above 700 °C) with sub-stoichiometric amounts of oxygen.
4
 In 
addition to syngas, biotar and char are also produced, both of are problematic in reactor 
systems; much research has been devoted over the last two decades to eliminating the 
production of these additional products.
4
 Biotar is particularly problematic as it can clog 
reactors. Understanding its chemical composition at a molecular level is crucial to 
prevent condensation and clogging in future reactors.
4, 6-7
 
Currently, chemical analysis for biofuels is largely conducted by bulk analysis 
methods such as NMR, FTIR, and TGA.
2-3, 7
 These methods are not sufficient to gain a 
complete understanding of the molecular-level complexity of biofuels. GC-MS is also 
15 
 
often applied but it can only detect volatile compounds; this fails to completely 
characterize biofuels since a large portion of these are nonvolatile.
1, 3, 7
 While a 
relationship between temperature and the structures present in biofuels is known, the 
exact relationship between temperature and structure is still under debate, due in large 
part to the lack of good detection of nonvolatiles.
7
  
Recent advancements in atmospheric pressure ionization (API), especially when 
coupled with high resolution mass spectrometry (HRMS), offer an alternative to the 
traditional bulk characterization of biofuels. Our group, in particular, has had great 
success coupling API with HRMS. Smith et al. compared (-) ESI on three different 
HRMS instruments for analysis of red oak bio-oil, finding the (-) ESI is typically 
dominated by low mass (m/z 100-250) compounds.
8
 Cole et al. compared LDI, (-) ESI, 
and (+) APPI to compare switchgrass biochar from fast pyrolysis and gasification.
9
 Smith 
et al. utilized (-) ESI and (+) APPI coupled with HRMS to study bio-oil aging.
10
 Lee et 
al. analyzed lipids extracted from algal bio-oils using positive mode ESI, APPI, APCI, 
and MALDI.
11
 Cole et al. were able to identify nearly 300 nitrogen-containing 
compounds in switchgrass bio-oil using (-) ESI, (+) ESI, and (+) APPI coupled with 
Orbitrap MS, including pyridine- and imidazole-based compounds.
12
 Finally, Cole and 
Lee applied a novel system that couples a micropyrolyzer with GC to a time-of-flight 
mass spectrometry to successfully evaluate in situ catalytic fast pyrolysis.
13
 
However, effectively ionizing all compounds with minimal specificity remains a 
problem. One of the more recently developed ionization techniques, atmospheric pressure 
photoionization (APPI), may be able to solve this problem. APPI-FT-ICR MS has 
recently gained popularity in petroleomics due to its ability to ionize large molecules not 
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accessible by other ionization methods.
14
 APPI was first introduced as positive-mode in 
2000
15
 and then negative-mode in 2004.
16-17
 (-) APPI offers reduced background noise 
and can ionize a more comprehensive range of molecule types than any other API 
method.
18
 (+) APPI was able to effectively ionize nonpolar compounds not accessed by 
ESI in order to extend sulfur speciation of petroleum mixtures by Purcell et al.
19
 and later 
was positive and negative APPI were also used to extend nitrogen-containing aromatic 
speciation as well.
20
 Qian et al. used APPI to observe vanadyl porphyrins and sulfur-
containing vanadyl porphyrins.
21
 Huba et al. compared positive and negative APPI, ESI, 
and atmospheric pressure chemical ionization (APCI) coupled with an Orbitrap Q 
Exactive for model petroleum compounds; APPI in both polarities ionized the widest 
range of compounds, had the smallest suppression effects, and provided the best results 
regarding ionization efficiency. They also observed especially good ionization for 
nitrogen-containing compounds in both (+) APPI and (-) APPI.
22
 Huba and Gardianli 
compared (-) ESI and (-) APPI to characterize weathered Mocando crude oil released 
during the Deepwater Horizon accident finding that both ionization methods provided 
different but complementary information about oxygen-containing species.
23
 (-) APPI has 
been successfully applied to characterize asphaltenes in petroleum oil by Pereira et al and 
by Rogel et al.
24-25
 With the exception of Huba et al., all of these experiments were 
performed using FT-ICR MS. 
Positive-mode APPI-FT-ICR MS has also had measured success in bio-oil 
analysis. Chiaberge et al. compared (+) ESI, (+) APPI, and (+) APCI for hydrothermal 
liquefaction bio-oil and found that (+) APPI was able to best describe the molecular 
composition of the actual elemental composition.
26
 Hertzog et al. compared (+) and (-) 
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ESI to (+) APPI as well as laser desportion ionization, finding that all three atmospheric 
sources were necessary for exhaustive characterization.
27
 However, negative-mode APPI 
has not been thoroughly explored, especially for biofuel applications. In this work, (-) 
APPI is compared to both positive- and negative-mode ESI as well as (+) APPI for bio-
oil and biotar from nitrogen-rich switchgrass feedstocks. We hypothesize that (-) APPI 
coupled with FT-ICR MS will ionize less preferentially in order to provide a more 
complete picture of biofuel composition. 
 
 
Experimental Section 
Samples & Handling 
 Fast pyrolysis bio-oil is the same as previously reported by Wilson et al.
28
 Briefly, 
the was switchgrass grown in Boone County, IA, USA and was harvested on June 20, 
2010 then dried to a constant weight, ground, and sieved using a mesh size of 200-700 
μm. This biomass was subjected to fast pyrolysis at 550 °C in a freefall reactor, and the 
resultant bio-oil was fractionated to reduce water content and acidity. Stage fraction 3 
was used in this study as it has been shown to typically contain the largest amount of 
nitrogen, according to previous elemental analysis. The June harvest dates assures that 
the switchgrass is collected at the peak of the growing season, when the nitrogen content 
is highest (0.51 wt% in bio-oil).
28
 
 The biotar is the same as previously reported by Broer and Brown.
29
 Briefly, this 
switchgrass was grown near Centerville, IA, USA then was dried, ground, and sieved 
(mesh size 212-500 μm). This biomass underwent gasification at 750 °C in a fluidized 
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bed reactor with an equivalence ratio of 0.2 using a mix of O2 and CO2 as the fluidizing 
agents. The biotar was collected at three points of the previously described gasifier; the 
sample being analyzed in this study was collected at electrostatic precipitator body (part 
2, figure 2 in reference 23). 
 The raw bio-oil and biotar were stored in nalgene bottles at -4 °C until analysis to 
minimize chemical changes. Stock solutions were prepared at 1 mg mL
-1
 in methanol and 
then diluted to appropriate concentrations. For FT-ICR analysis, ESI solutions were 
prepared at 250 µg mL
-1
 in 100% methanol and APPI solutions were prepared at 125 μg 
mL
-1
 in 75:25 (v/v) methanol and toluene. Gasification tar was handled identically except 
that APPI solutions for analysis were prepared in 50:50 (v/v) methanol and toluene and 
75:25 (v/v) methanol and water for ESI. High purity methanol and toluene were used as 
solvents. 
 
Instrumentation & Data Analysis 
 Samples were sent to the National High Magnetic Field Laboratory at Florida 
State University for analysis. A previously described 9.4T FT-ICR was used to collect 
data for all samples in both positive and negative APPI and ESI modes.
30
 Atmospheric 
pressure chemical ionization was not used as it was unsuccessful in initial tests on a 
Bruker 7T SolariX FT-ICR MS housed at Iowa State University. All spectra were 
collected with a transient of 6.8 s, giving a resolving power of approximately 1.3 M at 
m/z 400. Multiple time-domain acquisitions (100-150) were averaged for each sample. 
All data was analyzed in absorption mode, zero-filled, and Hanning-apodized. PetroOrg 
(Future Fuels Institute, Tallahassee, FL, USA) was used to calibrate spectra, assign 
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chemical compositions, and generate double bond equivalence versus carbon number 
graphs.  
 
Results and Discussion 
Heteroatom Distributions 
 The four ionization modes investigated produced similar mass spectra for either 
bio-oil (Figure S1) or biotar (Figure S2), though spectra from either APPI polarity cover 
a larger m/z range than spectra from either ESI polarity. Additionally, both ESI polarities 
display a handful of single, high intensity ions due to the intrinsic selectivity of the 
ionization processes. Chemical composition analysis was performed in order to explore 
the differences between ionization modes more in depth. The heteroatom distributions for 
bio-oil are shown in Figure 1. Both (+) APPI (Figure 1B) and (+) ESI (Figure 1D) are 
dominated by NxO compounds. (+) ESI is known to be highly selective towards basic 
compounds which can readily accept protons and (+) APPI, though less selective, can 
suffer from this same issue. (-) ESI (Figure 1C) is dominated by Ox compounds. These 
compounds tend to be more acidic than NxO compounds, which means they are 
preferentially ionized by the deprotonation mechanism of (-) ESI. Unlike the other three 
ionization methods, however, (-) APPI (Figure 1A) is not dominated by one type of 
heteroatom to the exclusion of others. The Ox heteroatom class is more abundant than the 
nitrogen-containing species; however, the amount of oxygen present is much greater than 
the amount of nitrogen present in the bio-oil sample (35-40 wt% compared to 0.51 
wt%).
28
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Figure 1. Heteroatom distributions for switchgrass fast pyrolysis bio-oil in (A) (-) APPI, 
(B) (+) APPI, (C) (-) ESI, and (D) (+) ESI. 
 
 Chemical composition analysis was also performed for biotar, and the heteroatom 
distributions are shown in Figure 2. As with bio-oil, (+) ESI (Figure 2D) is dominated by 
NxO compounds and (-) ESI (Figure 2C) is dominated by Ox compounds. However, Ox 
compounds in biotar are more abundant than NxO compounds in (+) APPI of biotar 
(Figure 2B). However, there is less nitrogen in the biotar than in the bio-oil, which may 
explain this difference rather than suppression effects specific to biotar. As with bio-oil, 
(-) APPI (Figure 2A) is able to detect Ox and NxO with less discrimination between the 
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classes and generally provides a broader picture of the biofuel with a single ionization 
mode. 
 
Figure 2. Heteroatom distributions for switchgrass gasification biotar in (A) (-) APPI, 
(B) (+) APPI, (C) (-) ESI, and (D) (+) ESI. 
 
Contour Plots 
 In order to further investigate the claim that (-) APPI ionizes compounds accessed 
by (+) APPI, (+) ESI, and (-) ESI, double bond equivalence (DBE) versus carbon number 
plots were constructed. In particular NxO (x=1-4) classes were compared between (-) 
APPI, (+) APPI, and (+) ESI in bio-oil (Figure 3), and Ox classes were compared for (-) 
APPI, (+) APPI, and (-) ESI in biotar (Figure 5). These classes were chosen for their 
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significant differences and known selectivity between ionization methods. The dashed 
red line in the figures denotes the theoretical DBE limit; the closer to the theoretical limit 
a molecule, the more aromatic and nonpolar it is. 
 
Figure 3. Double bond equivalence versus carbon number plots from switchgrass fast 
pyrolysis bio-oil for N1O2, N1O4, N2O2, N2O4, N3O2, N3O4, N4O2, and N4O4 in (-) APPI 
(A-D, M-P), (+) APPI (E-H, Q-T), and (+) ESI (I-L, U-X). 
 
The DBE versus #C plots for select NxO heteroatom classes in bio-oil are shown 
in Figure 3. These classes were chosen due to the high abundance of nitrogen compounds 
in switchgrass bio-oil in all ionization methods. (-) APPI and (+) APPI were compared to 
(+) ESI for its selectivity towards basic molecules. It is readily obvious that (-) APPI and 
(+) APPI access a different region of compounds than (+) ESI. The compounds ionized 
by (-) APPI are generally lower #C but higher DBE than those ionized by (+) ESI, 
suggesting they are far more nonpolar which is why they are not ionized by (+) ESI. (-) 
APPI is able to ionize some of the compounds (+) ESI does, it is also able to access some 
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of the nitrogen compounds ionized by (+) APPI. This means that (-) APPI can be used to 
detect compounds that would normally require both (+) ESI and (+) APPI to detect with 
little loss of information. 
 
 
Figure 4. Double bond equivalence versus carbon number contour plots for O3, O4, and 
O5 heteroatom classes from FT-ICR MS analysis of switchgrass biotar with (-) APPI (A-
C), (+) APPI (D-F), and (-) ESI (G-I). 
 
 
 
In Figure 4, the O3, O4, and O5 heteroatom DBE versus #C plots for biotar are 
compared in (-) APPI, (+) APPI, and (-) ESI. (-) ESI was chosen for its selectivity 
towards acidic compounds, such as highly oxygenated species. These are highly abundant 
in all biofuels derived from lignocellulosic biomass due to the large amount of oxygen 
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present in lignocellulose. All three ionization methods cover similar #C and DBE ranges 
but both APPI polarities are more tightly clustered near the theoretical limit while (-) ESI 
is more even distributed along the entire #C range. Although (-) ESI is able to ionize 
more O-heteroatom compounds due to its selectivity than (-) APPI, (-) APPI is still able 
to ionize most of the same highly abundant compounds as (-) ESI compounds. A second 
grouping at lower #C and higher DBE can be seen that become more abundant. This 
second group overlaps slightly with the low abundance portion of the (-) APPI DBE 
versus #C plots but not the (+) APPI plots; as discussed previously, O4 compounds can 
be found in (-) APPI as well as (-) ESI. The species accessed by (-) APPI are low #C and 
high DBE compared to (-) ESI. In general, unlike (+) APPI which heavily favors 
nonpolar molecules, (-) APPI is able to ionize both polar and nonpolar compounds, 
making it an excellent general ionization technique for biofuels. 
 
Conclusions 
 The use of (-) APPI allows for a single ionization method to provide a less 
selective view of nitrogen-rich switchgrass biofuels, such as bio-oil and gasification 
biotar. While the compounds detected with (-) APPI can be detected with other ionization 
methods, these other methods are highly selective towards one class of compounds and 
result in suppression of other. In switchgrass bio-oil, (-) APPI can ionize nitrogen-
heteroatom species in the high mass region accessed by FT-ICR MS as well as highly 
oxygenated species. Highly conjugated, low oxygen-heteroatom molecules make up the 
majority of switchgrass gasification tar in (-) APPI, which is not significantly ionized by 
more common ionization methods such as ESI. By using (-) APPI, a more complete 
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picture of bio-oils can be constructed. A compound profile of gasification tar can be built 
for the first time using (-) APPI. In general, biotar is more highly conjugated and has 
larger carbon numbers than bio-oil, showing that it is composed of large, nonpolar 
molecules. Further study is needed to explore its structure and possible uses more in 
depth. 
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Supplemental Information 
 
Figure S1. FT-ICR MS spectra from switchgrass fast pyrolysis bio-oil, analyzed with (-) 
APPI (A), (+) APPI (B), (-) ESI (C), or (+) ESI (D). 
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Figure S2. FT-ICR MS spectra from switchgrass gasification biotar, analyzed with (-) 
APPI (A), (+) APPI (B), (-) ESI (C), or (+) ESI (D). 
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CHAPTER 3 
IMPACT OF HUMIDIFICATION ON DOPANT-ASSISTED ATMOSPHERIC 
PRESSURE CHEMICAL IONIZATION TIME-OF-FLIGHT MASS SPECTROMETRY 
A manuscript to be submitted to Rapid Communications in Mass Spectrometry 
Carolyn P. Hutchinson and Young Jin Lee 
 
Abstract 
Rationale 
 Water molecules play an important role in the ionization reactions of atmospheric 
pressure chemical ionization sources (APCI). Sources of water are limited in APCI 
sources coupled with gas chromatography (GC), so studying the impact of a 
humidification system on GC-APCI is crucial. 
Methods 
 A simple, robust system is built to introduce humidified nitrogen gas into a GC-
dopant-assisted APCI (dAPCI) source with ammonia as the dopant gas. The impact of 
humidity on the formation of radical, protonated, and ammonium adduct ions is explored 
using a standard mixture. 
Results 
 The addition of controlled humidity reduces but does not eliminate fragmentation 
in fragile, highly oxygenated compounds such as levoglucosan. Humidification does 
generally increase the signal and promotes the formation of protonated ions over radical 
ions. When the ammonia dopant is added, fragmentation of highly oxygenated 
compounds is eliminated as they form stable ammonium ion adducts. The combination of 
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humidification and ammonia dopant in GC-dAPCI promotes protonated ions in phenols 
and ammonium ion adducts in highly oxygenated compounds. The ion signal generally 
increases with increasing humidity until the dry nitrogen to humidified nitrogen ratio is 
one-to-one, at which point the signal increase plateaus. 
Conclusions 
 Controlling humidity in GC-APCI sources is important for promoting protonated 
ions over radical ions; when an ammonia dopant is added, the addition of water promotes 
ammonium adduct ion formation. The optimum ratio is a one-to-one ratio between dry 
nitrogen and humidified nitrogen in the current humidification control system. 
 
Introduction 
 Gas chromatography coupled with mass spectrometry (GC-MS) has proven to be 
one of the most important and powerful tools for the analysis of volatile and thermally 
stable analytes since its introduction in the early 20th century. By combining the 
efficiency of GC separation with the spectral information and identification capability of 
MS, GC-MS has found applications ranging from foods to fuels to environmental 
applications.
1
 Electron ionization (EI) is the most widely used ionization source in GC-
MS due to its ability to ionize a wide range of organic molecules. During ionization, the 
molecule is typically fragmented extensively to produce a characteristic mass spectrum 
which can be identified using a spectral library. However, several problems persist with 
EI-MS: fragile compounds can be fragmented too extensively for confident identification; 
the molecular ion is often absent meaning that co-eluting species are difficult to identify; 
compounds which are not present in databases pose significant identification problems. 
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Chemical ionization (CI) has considerably less fragmentation but suffers from reduced 
ionization and less reliable database identification. Interest in the soft ionization offered 
by atmospheric pressure ionization (API) MS has grown recently due to the limitations of 
EI-MS and CI-MS. GC-API MS offers many advantages including the preservation of 
GC separation, interfacing with high resolution MS typically used for liquid 
chromatography (LC), generation and preservation of a molecular or pseudomolecular 
ions, chemical composition determination, and the potential to detect compounds not 
amenable to EI or CI. 
 Atmospheric pressure chemical ionization (APCI) coupled with gas 
chromatography was debuted by Horning, et al. in 1973 using 
63Ni β decay for ionization 
and a packed column.
2
 Later GC-APCI systems adapted the corona discharge source and 
open capillary columns.
3
 However, GC-APCI remained an exotic technique due to 
technical issues until roughly 15 years ago when sources that could operate in both GC 
and LC modes were introduced by McEwen and McKay and Schiewek, et al.
4-5
 Since 
then, GC-APCI has been paired with time-of-flight mass spectrometry (TOF MS) with 
and without quadrupole(s) for a wide variety of applications including metabolomics, 
pharmaceuticals, pesticides, foodstuffs, and biological samples.
6-11
 There have been 
technological advances as well including source miniaturization and the construction of a 
GC-APCI-QqTOF spectral library, similar to what exists for traditional GC-EI-MS.
12-13
 
 The importance of water in the ionization mechanisms for the formation of 
protonated molecules has been recognized since 1976.
3
 Sunneret al. showed in 1988 that 
hydronium-water clusters play an important role in the formation of protonated ions in 
LC-APCI.
14
 Klee, et al. discussed the importance of water clusters not only as proton 
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donors but as sites where ionization can occur in LC-API-MS systems.
15
 Newsome, et al. 
showed that regulating humidity is important for direct analysis in real time MS analysis 
and plasma-based ambient ion sources as well.
16-17
 Several recent GC-APCI-(Q)TOF MS 
manuscripts have included work on the importance of water as well. Portolés, et al. used 
an uncapped vial of water in a specially designed holder inside the source door to 
increase the sensitivity for pesticide residue analysis.
9
 Wachsmuth, et al. found that 
continuous water infusion using a syringe pump yielded a 16.6-fold intensity increase for 
MCF-derviatized metabolite standards due to suppressed in-source fragmentation though 
MO-TMS derivatives were not significantly affected.
18
 Raro, et al. found that the 
presence of water promoted the formation of protonated molecules for anabolic 
androgenic steroids.
6
 However, no work has explored the impact of water in GC-APCI-
MS systems when it is introduced in the gaseous state rather than relying on evaporation 
or introducing water as a liquid. 
 In this work, we build a simple, robust humidification introduction system for the 
Agilent GC-APCI source that interfaces through the source window and introduces water 
in the gaseous state. This humidification introduction system is used to provide constant 
humidity all year. Additionally, dilute ammonia gas is introduced to serve as a dopant in 
a system developed by our group. Dopant-assisted atmospheric pressure chemical 
ionization (dAPCI) TOF MS prevents fragmentation, creates ammonium adduct ions on 
otherwise fragile sugars, and promotes protonated ions. This means that our system does 
not require derivatization commonly used with GC-APCI-(Q)TOF MS. In this study, this 
system is applied to standard compounds commonly found in bio-oil, covering a range of 
furans, sugar-like compounds, and phenols. 
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Experimental Section 
Materials & Sample Preparation 
 Pyrene, 3,5-dimethoxytoluene, levoglucosan, 5-hydroxymethyl furfural, furfuryl 
alcohol, p-cresol, syringol, apocynin, coniferyl aldehyde, syringaldehyde, acetosyringone, 
and eugenol were acquired from Sigma-Aldrich (St. Louis, MO) at the highest available 
purity (≥98%). An equimolar mixture (0.4 mM each) of these compounds in 1:1 
methanol and water serves as a representative mixture of bio-oil and pyrolysis 
compounds.  
 
Mass Spectrometry Analysis 
 Using an automatic liquid sampler (ALS, Agilent G4513A, Palo Alto, CA), 5 mL 
of the equimolar mixture is injected into to the GC-dAPCI-TOF MS system via the back 
inlet of a gas chromatograph (GC) (7890A, Agilent). The back inlet, interface, and oven 
temperatures are all set to 280 °C and the inlet split is set at 5:1. A low/mid polarity 
column (DB-1701, 30 m x 0.25 mm x 0.25 μm, Agilent) is used for the GC separation. 
The temperature is programmed to 35 °C for 3 min, ramped to 260 °C at 20 °C/min, then 
held for 2 min. A dopant-assisted APCI (dAPCI) source is used with a GC-APCI 
interface (Agilent) with ammonia (500 ppm in helium) serving as a dopant gas. Ammonia 
is pre-heated using approximately 1 m of 1/16” I.D. stainless steel tubing coiled inside 
the GC oven so that the ammonia dopant gas is heated to the same temperature as the 
column effluent, and it is introduced as a sheath gas around the capillary. The APCI 
source temperature is 325 °C, the corona discharge needle is set to 1.0 μA, the capillary 
voltage is -1000 V, the fragmentor voltage is 95 V, and the skimmer voltage is 65 V. 
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 The GC-dAPCI source is shown in detail in Figure 1. The column or transfer line 
(D) extends 4-6 mm beyond the GC-APCI interface (B). Since the ammonia dopant is 
introduced as a sheath gas (C), the dopant and analytes can only interact inside the APCI 
source in the presence of the corona discharge needle (A). This allows for unique dopant-
assisted atmospheric pressure chemical ionization (dAPCI). Once these reactions have 
occurred, they are attracted to the negatively charged TOF MS interface (F) and enter the 
TOF MS (E). The humidity is introduced off-axis through a threaded port in the source 
viewing window (G). 
 
Figure 1. Diagram of the GC-APCI source as seen from the viewing window. The 
expanded view includes the (A) corona discharge needle, (B) GC-APCI coupling, (C) 
stainless steel transfer line extending from the GC through the GC-APCI coupling, (D) 
GC column extending 4 mm beyond GC-APCI coupling, (E) entrance to TOF MS, and 
(F) GC-APCI spray shield. Humidity is introduced into the source off-axis via a port in 
the viewing window (G). 
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Humidification System 
 Humidity is introduced from the side of the GC-APCI source. A detailed 
schematic of the humidification system can be found in the Supplemental Information 
(Figure S1). The quartz window in the source is replaced with a modified plexiglass 
window of the same dimensions for all humidity experiments except for those performed 
at standard conditions. Both windows are 2 inch round circles, 0.5 inch height; the 
plexiglass window has a threaded hole drilled 0.5 inch from the side to allow for a PTFE 
open fitting to be threaded in. Into this open fitting, a length of 1/16" outer diameter 
PTFE tubing is extended. On the dAPCI end of this tubing, a plastic ferrule and a small 
o-ring allow for a snug fit and optimization of the length inside the source. The opposite 
end is attached to a brass tee Swagelok fitting. This is split between the dry N2 and the 
wet N2 lines. The dry N2 line goes from the final tee through a mass-controlled flow 
meter (Alicat Scientific, Tucson, AZ) to a humidity trap (SGE Incorporated, Pflugerville, 
TX) to another tee immediately after the UHP N2 tank. The wet N2 line goes from the 
final tee through a rotameter into the headspace of a 2 L PTFE liquid chromatography 
(LC) bottle containing 1500 mL of DI water. A second PTFE line runs from the UHP N2 
tank tee into the bottom of the LC bottle, providing agitation and creating an atmospheric 
of N2 saturated with water. There is a vent on top of the bottle to prevent over 
pressurization. The combined flow is held constant at 10 mL/min. This system provides a 
simple, robust means of providing constant humidity to the dAPCI source regardless of 
external conditions. 
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Results and Discussion 
Ionization Mechanisms 
 Dopant-assisted atmospheric pressure chemical ionization (dAPCI) is a soft 
ionization technique which is able to ionize molecules with minimal fragmentation. 
Figure 2 shows the effect of ammonia adduct formation on a fragile molecule. As seen in 
Figure 2A, GC-APCI produces large amounts of fragmentation in fragile compounds, 
such as levoglucosan, without the presence of an ammonia dopant. Losses of one and two 
waters are observed as well as dimmers formed from two levoglucosans as well as one 
levoglucosan and one dehydrated levoglucosan. When the dopant is introduced (Figure 
2B), fragmentation is no longer observed and levoglucosan is observed as an ammonium 
ion adduct at m/z 180.087, corresponding to [C6H10O5+NH4]
+
. Most compounds (with the 
exception of hydrocarbons) form ammonium ion adducts in the presence of the ammonia 
dopant gas. Ammonium ions also are able to act as a proton donor to increase the amount 
of protonated molecules. This allows for ionization of compounds with minimal 
fragmentation due to the stabilization effect provided by the ammonium ion, unlike the 
large amount of fragmentation typically seen with electron ionization commonly used in 
GC-MS. Since the molecular ion is preserved, GC-dAPCI can be combined with the high 
mass resolution capabilities of TOF MS and chemical compositions can be calculated for 
unknown identification. 
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Figure 2. Comparison of spectra for levoglucosan (A) without ammonia dopant showing 
extensive fragmentation and (B) with ammonia dopant showing only a single peak 
corresponding to an ammonium adduct ion. 
 
 While the addition of ammonium ion adducts is a crucial component of analyzing 
fragile compounds in GC-dAPCI-TOF MS, gas-phase water ions have been shown to 
play an important role in the ionization mechanisms of APCI systems.
14
 Scheme 1 
describes the dominant system of ionization mechanisms in a dopant-free GC-APCI 
source. Atmospheric water first reacts with free electrons generated by the corona 
discharge needle to form radical H2O cations, shown in reaction 1.1. In reaction 1.2, these 
radical cations then react with neutral ambient water molecules to provide hydronium 
cations and hydroxide anions. These hydronium ions can take one of two competing 
pathways: the hydronium ion can react with an analyte molecule which has a proton 
affinity equal to or greater than that of water (691 kJ/mol).
19
 This reaction forms 
protonated ions (reaction 1.3a). The hydronium ion can alternatively react with other 
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neutral water molecules to form water clusters (reaction 1.3b). Reaction 1.3b will only 
occur when the water concentration is significantly higher than necessary for the APCI 
process. 
 
 H2O + e
- H2O
+•
 + 2 e
-
  (1) 
H2O
+•
 + H2O  H3O
+
 + OH
-
 (2) 
H3O
+
 + M  [M+H]+ + H2O (3a) 
H3O
+
 + nH2O  H
+
(H2O)n+1 (3b) 
Scheme 1. Reactions of water in APCI sources. 
 
NH3 + e
- NH3
+•
 + 2 e
- 
(1) 
NH3
+•
 + H2O  NH4
+
 + OH
- 
(2) 
NH3 + H3O
+ NH4
+
 + H2O (3) 
NH3 + H2O  NH4
+
 + OH
-
 (4) 
Scheme 2. Reactions of ammonia and ambient water in dAPCI sources. 
 
NH4
+
 + M  [M+H]+ + NH3 (1) 
NH4
+
 + M  [M+NH4]
+
 (2) 
M + e
-
  M+• + 2 e- (4) 
Scheme 3. Formation of various ions in dAPCI sources. 
 
 When ammonia is introduced, it can be ionized to form ammonium through 
several reactions, shown in Scheme 2. Ammonia first reacts with free elections to 
generate radical cations in reaction 2.1. In reaction 2.2, these radical cations react with 
atmospheric water to produce the ammonium cation and a hydroxide anion. 
Alternatively, as seen in reaction 2.3, ammonia reacts with a hydroxide cation produced 
through a reaction pathway in Scheme 1 to produce ammonium and neutral water. 
Similarly, in reaction 2.4, neutral ammonia can react with neutral water to produce the 
ammonium cation and a hydroxide anion. Ammonium is preferentially formed in reaction 
2.4 since the proton affinity of ammonia (853.6 kJ/mol)
19
 is much higher than the proton 
affinity of water. 
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 After the ammonium ions are formed, they can react with analyte molecules to 
form ions in one of two ways, shown in Scheme 3. If the analyte has a higher proton 
affinity than ammonia, a proton will be transferred to form the [M+H]
+ 
pseudomolecular 
ion, shown in reaction 3.1. Protonated ions can also form from proton transfer from 
hydronium, as seen in reaction 1.3a. Alternatively, as seen in reaction 3.2, if the ammonia 
affinity is sufficient then the analyte will be detected as an ammonium ion adduct. 
Radical formation from the reaction with free electrons from the corona discharge needle 
is also possible, shown in reaction 3.3. 
 Levoglucosan has a proton affinity calculated to be between 803.9 kJ/mol to 
818.2 kJ/mol.
20
 The fragmentation in levoglucosan can be explained by the difference in 
energy between the proton affinity for water (691 kJ/mol)
19
 and levoglucosan. When the 
proton from hydronium is transferred to levoglucosan, the excess energy causes 
fragmentation. Other compounds investigated such as pyrene (869.2 kJ/mol),
19
 furfuryl 
alcohol (849.4 kJ/mol),
19
 and p-cresol (814 kJ/mol)
19
 have similar proton affinities to 
levoglucosan. However, their ionization behavior and efficiency is extremely different 
without the presence of a dopant. While levoglucosan fragments extensively, as seen in 
figure 3A, pyrene forms a radical ion (m/z 202) and a protonated ion (m/z 203) in a nearly 
1:1 ratio. Furfuryl alcohol exhibits a radical ion at m/z 98, peak at m/z 97 corresponding 
to [M-H]
+
 formed by hydride abstraction (a common CI behavior in furans), and a water 
loss at m/z 81. The phenol p-cresol forms both a radical ion (m/z 108) and a protonated 
ion (m/z 109) in a 1:2 ratio (radical:protonated). Step 1 in Scheme 1 offers an explanation 
for the radical ions, though the difference in ionization energy between pyrene and p-
cresol is only about 1 eV (7.4256 eV for pyrene compared to 8.31 eV for p-cresol).
21
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 Due to its similar proton affinity to most analytes of interest, ammonia (853.6 
kJ/mol)
19
 was chosen as a positive-mode dopant. Since ammonia has a proton affinity 
larger than that of water, it is readily protonated by ambient water in the APCI source. 
Additionally, it has been shown that the ammonium ion can form hydrogen bonds.
22
 This 
allows for extremely stable adduct formation with molecules containing groups available 
for hydrogen bonding (e.g., alcohols and acids) that are common in the analytes of 
interest. 
Humidity Control & Optimization 
 An initial experiment was performed by adding water to the source with a cotton 
swab and introducing levoglucosan using a micropyrolyzer and a 0.6 m length 
deactivated fused silica transfer line (100 µm I.D.); spectra were collected before and 
after the uncontrolled addition of water (Figure S2). Before adding water, the signal is 
about 5E+5, and after there is a 17-fold increase to 8.5E+6. However, since this addition 
of water was uncontrolled, levoglucosan dimers and trimers were observed at m/z 342 
and m/z 504 respectively. Over time as the water exits the source, these multimers 
decrease in abundance then cease to form. These experiments were performed in 
November, when the ambient humidity is low, showing the necessity of this 
humidification system. 
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Figure 3. Effect of humidity on levoglucosan without ammonia dopant. (A) Comparison 
of EIC area for fragments to EIC area for protonated levoglucosan. (B) EIC areas for 
major fragments and protonated levoglucosan ions. 
 
 In order to optimize and explore the effects of humidity in the dAPCI 
environment, an equimolar mixture of standard compounds was injected into the GC and 
separated using a mid/low-polarity column. For all experiments, the gas flows were 
investigated with the humidified N2 at five different flow rates (0, 2.5, 5, 7.5, 10 mL/min) 
with dry N2 making up the rest of the total 10 mL/min flow. When no humidified N2 is 
flowing, the source is assumed to be dehumidified. Humidity was first investigated 
without the ammonia dopant. Figure 3 shows the effects of humidity on fragmentation 
using levoglucosan as a representative of other fragile compounds. The two main 
fragments consisting of one and two water losses, respectively, are compared to the 
protonated levoglucosan peak in Figure 3A. As humidity increases, the fragmentation 
decreases until it levels off when the flow rates are set at 5:5. The signal of the singly 
dehydrated ion, [C6H10O5-H2O+H]
+
 (m/z 145), decreases from 120% to 45% between 0 
mL/min and 5 mL/min humidified N2 flow then from 45% to 41% between 5 mL/min 
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and 10 mL/min humidified N2 flow. The signal of the doubly dehydrated on, [C6H10O5-
2H2O+H]
+
 (m/z 127), increases initially from 13% to 31% between 0 mL/min and 2.5 
mL/min humidified N2 flow then decreases to 24% at 10 mL/min humidified N2 flow. 
Even though the doubly dehydrated fragment increases, it does not dominate the 
protonated ion unlike the singly dehydrated fragment, as seen in Figure 3B. The signal 
increases as the humidified N2 flow is increased and the fragmentation decreases relative 
to protonated levoglucosan. This means that even though the signal of all ions is 
generally increasing, the amount of fragmentation is decreasing as humidity increases. 
 When ammonia is introduced, several compounds, especially phenols, exhibit 
both protonated and radical ions as well as ammonium adduct ions in dAPCI. The 
delocalized π-electrons reduce the partial negativity on the phenol group and decrease its 
ability to form hydrogen bonds with the ammonium ion. This complicates spectra and 
will hinder identification of unknowns, especially in complex samples such as whole bio-
oil or unseparated biomass pyrolyzates. This behavior still occurs when ammonia dopant 
is added. Thus, driving these compounds toward one dominant ion species is highly 
desirable. Using extracted ion chromatograms (EICs), the ratios of protonated-to-radical 
areas for several representative phenols and pyrene are shown in Figure 4A. An increase 
in the protonated ion compared to the radical ion is observed for all compounds except 
for coniferyl aldehyde, which increases until 5 mL/min humidified N2 flow then ceases to 
increase further. The observed increases over the total flow rate range vary from 60% for 
p-cresol to 83% for acetosyringone and from 49% for p-cresol to 72% for coniferyl 
aldehyde over the 0 mL/min to 5 mL/min range, showing that most of the protonated-to-
radical signal increase occurs between 0 mL/min and 5 mL/min humidified N2 flow rate. 
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As seen in Figure 4B, there is also an increase in the ratio of the protonated ion to the 
ammonium adduct ion for these compounds, with the exception of coniferyl aldehyde 
which has a 2% decrease in protonated-to-ammonium adduct ratio, though the increase is 
less dramatic than the protonated-to-radical ratio increase and generally plateaus after 5 
mL/min humidified nitrogen flow. 5-hydroxymethylfurfural (not shown) exhibits similar 
behavior to most phenols, with an increase in both protonated-to-radical ratio and 
protonated-to-ammonium ion adduct ratio observed. 
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Figure 4. Ratios of EIC areas for (A) protonated and radical ions for several phenols and 
pyrene and (B) protonated and ammonium adduct ions for several phenols. 
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 Highly oxygenated compounds such as furfuryl alcohol and levoglucosan 
preferentially make only ammonium adduct ions; the fragmentation observed without the 
dopant even in the presence of ample humidity is prevented by the stabilization provided 
by the ammonium adduct. 3,5-dimethoxytoluene only forms a radical. Since methoxy 
functionalities are unable to participate in hydrogen bonding, 3,5-dimethoxytoluene is 
unable to form ammonium ion adducts. Without a good site for protonation, 3,5-
dimethoxytoluene favors the radical cation formation over the protonated ion formation 
regardless of ambient conditions. 
 
Conclusions 
 A simple, robust humidification system was built and optimized for the dopant-
assisted atmospheric pressure chemical ionization (dAPCI) source for GC-dAPCI-TOF 
MS analysis. Water molecules play an extremely important role in APCI sources and by 
providing reliable source of constant humidity, we are able to improve ionization of many 
molecules similar to those typically found in bio-oils and biomass pyrolyzates. Ammonia 
gas, with a proton affinity close to or slightly lower than most analytes of interest, serves 
as an excellent dopant. The ammonium ion adducts prevent fragmentation of fragile 
compounds (e.g., levoglucosan) while serving as a proton donor to increase protonated 
ion formation in compounds which preferentially form protonated ions. The decrease in 
other ion species compared to protonated ions will be beneficial for the confident 
chemical identification of unknown analytes and for interpreting spectra from whole 
biomass pyrolysis. When both optimal humidity and ammonia dopant are provided, the 
signal of all analytes is increased compared to an environment where humidity is 
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uncontrolled. This system has been routinely used with great success for over two and a 
half years by our group now. Measuring the humidity in the source has proved 
challenging, as hygrometers do not perform well at such high temperatures. In the future, 
providing a humidity-controlled enclosure for the dAPCI-TOF MS system, such as the 
one used at the US Naval Research Laboratory for their DART-MS instrument, that 
excludes the GC for easy access could ensure even more control over the ambient 
conditions affecting dAPCI.
16 
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Figure S1. Schematic of the humidification system. 
 
Figure S2. Mass spectra of levoglucosan (A) before and (B) after addition of water to the 
source. 
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Abstract 
 There recently has been progress on the fundamental understanding of fast 
pyrolysis as a promising strategy for biorenewable energy. An example of this progress is 
the dissection of bulk-sum models into individual molecular reactions as an effort to 
explain and predict the product yields in biomass pyrolysis. However, rigorous efforts 
have been scarce to experimentally validate each molecular reaction in pyrolysis. In this 
work, we evaluate molecular reaction mechanisms in the pyrolysis of glucose labeled 
with 
13
C on the C-1, C-3, or C-6 positions. We adopt a novel experimental system that we 
have recently developed to study isothermal reaction kinetics with a very short reactor 
residence time (~0.2 s) in virtual real-time, which is ideally suited to correlate the results 
with primary reactions in theoretical modeling. We were able to support the previously 
proposed primary reaction mechanism for C4H8O4 (erythrose) but rejects those for 
C3H6O3 (dihydroxyacetone and glyceraldehyde) and C3H6O2 (acetol). Alternative 
reaction pathways proposed to explain our data suggest that retro aldol reaction is much 
more efficient than Grob fragmentation in general.  
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Introduction 
 Fast pyrolysis of lignocellulosic biomass offers a promising solution to the ever-
growing demand for fossil fuels.
1-2
 Cellulose, the most abundant (40-60 wt% typically) 
and least complex major component of lignocellulosic biomass, is most widely studied.
3-5
 
The reaction kinetics are often described by lump-sum models, the most representative of 
which is the Broido-Shafizadeh model.
4-8
 In this model, cellulose is first transformed to 
"active cellulose" then converted to one of two lumped categories of products: volatiles 
(i.e., bio-oil) or solids and gases (i.e., char and non-condensable gases). While these 
lump-sum models provide empirical correlation for the overall yields, they do not explain 
the decomposition pathways in molecular detail. Furthermore, the kinetics parameters 
obtained with lump-sum models do not agree with one another, raising serious limitations 
of the model.
4-5, 9 
 Recently, efforts have been made to address the shortcomings of the lump-sum 
model and provide molecular-level understanding of fast pyrolysis. Assary and Curtiss 
used quantum-chemical and statistical-mechanical calculations to model the 
decomposition of glucose and fructose.
10
 Vasiliu et al. also used computational chemistry 
to predict the reactions of key biomass intermediates, including glucose.
11
 Seshadri and 
Westmoreland used similar approach to model glucose pyrolysis.
12
 A mechanistic model 
was proposed by Vinu and Broadbelt to explain cellulose pyrolysis using a complex 
network of elementary molecular reactions.
13
 This was further refined by fitting into 
experimental data.
14-15
 While this approach provides the first significant effort to 
understand molecular kinetics of all the products in fast pyrolysis, the proposed reaction 
mechanisms and kinetics parameters are yet to be validated individually. There have been 
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some previous efforts to study the elementary reactions in fast pyrolysis of glucose or 
small glucans using 
13
C-labeling.
16-20
 Partial mechanistic understanding could be made to 
qualitatively explain a portion of the pyrolysis reactions; however, the product 
distribution is obscured, mostly due to significant fragmentation and low mass resolution 
in typical GC-MS analysis. 
 It has been well known that glucose pyrolysis produces significantly different 
product distribution from that of cellulose pyrolysis mostly due to the lack of glycosidic 
bonds.
13
 However, studying the mechanisms of glucose pyrolysis is still of significant 
interest since it is both the monomer unit of cellulose and an intermediate of cellulose 
pyrolysis. Sanders, et al. showed the same products are produced with different yields 
when the pyrolysis of monosaccharides is compared to the pyrolysis of cellulose.
21
 
Additionally, although cellulose pyrolysis reaction is dominated by glycosidic bond 
cleavage, many of the small molecular products occur from the same or similar 
intermediates of glucose pyrolysis.  
 We have recently developed an analytical instrumentation for the real-time 
monitoring of fast pyrolysis products.
22
 By directly connecting a drop-in micropyrolyzer 
with a high-resolution time-of-flight mass spectrometer (TOF MS) through dopant-
assisted atmospheric pressure chemical ionization (dAPCI), we can monitor each 
pyrolysis product in virtually real-time with 0.1 second temporal resolution. In our 
approach, the pyrolysis reaction occurs in isothermal kinetic conditions using thin-film 
pyrolysis, and the reactor residence time is minimized to ~0.2 s using film deposition on 
the outside of the cup. New insight has been obtained in molecular-level understanding of 
fast pyrolysis by studying the pyrolysis of glucose and its oligomers with various chain 
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lengths. Using this technology, here we investigate the elementary reaction mechanisms 
in glucose pyrolysis by labeling select positions with 
13
C isotope. By monitoring whether 
the 
13
C label is maintained in the products, several key reaction pathways in glucose 
pyrolysis could be tested for their support or invalidation. GC separation is also utilized 
when necessary to further separate structural isomers and obtain deeper insight into the 
mechanism. 
 
Methods 
Materials & Sample Preparation 
 Unlabeled (
12
C6-) glucose, unlabeled (
12
C6-) levoglucosan, and 
13
C6-glucose were 
obtained from Sigma-Aldrich (St. Louis, MO). 
13
C6-levoglucosan, 
13
C-1-glucose, 
13
C-3-
glucose, and 
13
C-6-glucose were obtained from Carbosynth, LLC (San Diego, CA). All 
carbohyrdates used had a minimum purity of 99%. Samples were introduced by preparing 
thin films on the upper outside rim of a deactivated stainless steel sample cup on one side 
and spotting 
13
C6-levoglucosan on the other side as an internal standard. For real-time 
analysis, 0.5 μg of glucose (labeled or unlabeled) (0.5 μL of 1 mg mL-1 in water) and 0.05 
μg of 13C6-levoglucosan (0.5 μL of 0.1 mg mL
-1
) were used, yielding a glucose film of 
approximately 4-5 μm thickness (calculated). For GC separation analysis, 15 μg of 
glucose (labeled or unlabeled) and 0.10 μg of 13C6-levoglucosan were used by spotting 
multiple position along the outer rim. For 
13
C6-glucose pyrolysis, unlabeled levoglucosan 
was spotted instead of labeled levoglucosan as an internal standard and time calibrant; 
otherwise the procedure is the same. 
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Mass Spectrometry Analysis 
 After the films were dried using an in-house vacuum, these cups are introduced to 
the μPy-dAPCI-TOF MS system (Figure S1) via an auto shot sampler (AS-1020E; 
Frontier Laboratories, Fukushima, Japan) and a drop-in micropyrolyzer (µPy) (3030S; 
Frontier) mounted on the inlet of a gas chromatograph (GC) (7890A; Agilent 
Technologies, Palo Alto, CA). For real-time analysis, a deactivated fused silica transfer 
line (SGE Incorporated, Pflugerville, TX) with 0.6 m length (100 µm I.D.) is used to 
directly connect GC injection port and a time-of-flight mass spectrometer (TOF MS) 
(Agilent 6224). The GC inlet, GC-APCI interface, µPy interface, and oven temperatures 
are all set to 280 °C and the inlet split is set at 100:1 (100 mL min
-1
 through the 
micropyrolyzer, 1 mL min
-1
 through the transfer line). The µPy furnace is maintained at 
500 ºC. For GC separation, a low/mid-polarity column (ZB-1701, 30 m x 0.25 mm x 0.25 
μm; Phenomenex, Torrance, CA) is used for the GC separation. The GC temperature was 
programmed to set at 35 °C for 1 min, ramped to 280 °C at 20 °C min
-1
, then held for 3 
min. A dopant-assisted APCI source is used with a GC-APCI interface (Agilent 3212) 
with ammonia (500 ppm in helium; Praxair, Hillside, IL) as a dopant gas. The ionization 
source is humidity controlled using a 1:1 mixed gas flow of dry nitrogen and fully 
humidified nitrogen bubbled through water. 
 
Results and Discussion 
 A novel analytical system developed by our group for the study of biomass 
pyrolysis in real-time was used for the current study. The schematic diagram is shown in 
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Figure S1 and described in details elsewhere.
22
 Briefly, biomass materials (glucose in this 
study) are pyrolyzed using a drop-in microfurnance and the pyrolyzates are immediately 
delivered by helium carrier gas to a TOF MS. We use thin-film pyrolysis to obtain a high 
heating rate (~5 ms to heat up to 500 °C)
23
 and dAPCI as a soft ionization technique to 
ionize carbohydrate pyrolyzates as ammonium adducts without any fragmentation. This 
is in contrast to electron ionization (EI) commonly used in GC-MS which produces 
significant fragmentation and cannot trace each ion without chromatographic separation. 
Pseudo real-time monitoring of pyrolysis products is achieved by this combination of soft 
ionization of all the products and high-mass resolution TOF MS analysis. We load 
samples as a thin film, which not only ensures isothermal kinetics
24
 but also minimizes 
pyrolysis occurring in the molten phase.
25
 Additionally, the thin film is deposited on the 
top outside rim of the sample cups to reduce the reactor residence time to only ~0.2 s.
22
 
Secondary reactions can occur in the vapor phase either inside the reactor or in the 
transfer line. Because of the short reactor residence time (~0.2 s) and the low temperature 
in the dead zone (280 °C), we hypothesize that these secondary vapor phase reactions are 
minimal compared to primary pyrolysis. This is supported by the lack of oligomeric 
compounds (e.g., cellobiosan) in thin-film glucose pyrolysis.
22
 Some pyrolysis reactions 
discussed in the current work, however, might still occur in the vapor phase mostly 
before escaping the reactor.  
 As described elsewhere,
22
 glucose is pyrolyzed in less than half second in 
isothermal kinetics at 500 °C, and the time profile of each product could be monitored by 
tracing each ion signal with a narrow mass window (0.1 u). 
13
C6-levoglucosan is spotted 
on the other side of the sample cup and used as a pyrolysis time calibrant, as it only 
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evaporates from the surface without pyrolysis. Prior to the pyrolysis of glucose labeled 
with 
13
C at various carbon positions, the pyrolysis of unlabeled (
12
C6) and fully labeled 
(
13
C6) glucose was compared to test for any isotopic effects. Figure 1 shows overlaid 
temporal profiles of each pyrolysis product from 
12
C6-glucose and 
13
C6-glucose. There is 
no significant difference in the relative abundance between 
12
C6- and 
13
C6-pyrolysis 
products except for slight signal variation for some low abundance compounds (e.g., 
C3H4O2). This suggests that isotopic labeling does not influence pyrolysis product yields 
(i.e., no kinetic isotope effect), and selective isotopic labeling can be applied in order to 
explore mechanistic pathways. 
 
 
Figure 1. Real-time profiles of each product in the pyrolysis of 
12
C6-glucose and 
13
C6-
glucose, normalized to the ion signals for internal standard of 
13
C6- and 
12
C6-
levoglucosan, respectively. 
 
 Thin films of glucose labeled with stable 
13
C on either the carbon-1, carbon-3, or 
carbon-6 positions were individually pyrolyzed and monitored by the dAPCI-TOF MS 
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system in order to explore reaction mechanisms. If the labeled carbon is maintained in a 
pyrolysis product, the isotopically labeled product (M+1 peak) will be detected; 
otherwise the unlabeled product (M peak) will be detected. When multiple, competing 
reactions occur, both M and M+1 ions can be detected with the product ratios 
corresponding to the ratio of reaction rates. There is contribution from natural 
13
C isotope 
abundance to M+1 product yield (1.1% for each carbon), as well as contribution to M 
product yield from 
12
C impurity in the stable-isotope labeled glucose (≤1%). The 12C 
impurity has been measured to be 1 % for 
13
C-1-glucose, 0.7 % for 
13
C-3-glucose, and 
0.6 % for 
13
C-6-glucose according to direct infusion ESI-TOF MS analysis (Figure S2). 
Based on these findings, the contribution of natural 
13
C or impurity 
12
C is largely 
ignorable. It is difficult to accurately obtain product yields in this experiment due to the 
uncertainty in ionization efficiency. Under the assumption that the ionization efficiency is 
proportional to the number of carbons and the number of oxygens of each product, the 
yields of selected products in thin-film glucose pyrolysis are summarized in Table S1.  
All C6 products are simply produced by the loss of one, two, or three waters from 
glucose and are expected to exhibit only the M+1 ion regardless of which carbon is 
labeled. This is because all six carbons are maintained in the final products. Figure 2 
shows the time profiles from C6H10O5 (levoglucosan, m/z 180/181 as ammonium adduct) 
as an example of a C6 product. As expected, the pyrolysis of all three glucoses produced 
M+1 peak almost exclusively. There is an ignorable amount of M ion observed, mostly 
from 
12
C impurity in the labeled glucose. All other C6 compounds such as C6H8O4 (m/z 
162/163 as ammonium adduct) and C6H6O3 (m/z 144/145 as ammonium adduct) show 
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identical behavior. Though these C6 compounds do not provide useful mechanistic 
information, they support the validity of the proposed method. 
 
 
Figure 2. Real-time pyrolysis profiles of levoglucosan detected as an ammonium adduct, 
[C6H10O5+NH4]
+
, at m/z 180 (M, solid) or m/z 181 (M+1, dashed) from the thin-film 
pyrolysis of glucose with 
13
C label at carbon-1 (red), carbon-3 (green), or carbon-6 
(purple) positions. 
  
 Erythrose is the only chemical composition of C4H8O4 proposed to be present in 
the reaction pathway of glucose pyrolysis by Zhou et al.;
14
 however, it has not been 
observed in Py-GC-MS data. It has been attributed largely to the instability of this 
compound and/or absence of EI-MS spectra in NIST library.
22
 Scheme 1 is the proposed 
mechanism by Zhou et al.
14
 for the formation of this C4 compound. Cyclic form of D-
glucose is in equilibrium with linear form of D-glucose, which then breaks down via a 
retro aldol reaction to produce erythrose and glycolaldehyde. According to the 
mechanism, erythrose is expected to contain carbons 3-6 and glycolaldehyde should 
contain carbons 1 and 2. This means that when 
13
C-3-glucose or 
13
C-6-glucose is 
pyrolyzed, only the M+1 peak should be observed, and when 
13
C-1-glucose is pyrolyzed, 
only the M peak should be observed for erythrose. The time profiles for the unlabeled and 
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labeled C4H8O4 are shown in Figures 3 in the pyrolysis of 
13
C-1-, 
13
C-3-, and 
13
C-6-
glucose. The product is mostly unlabeled when 
13
C-1-glucose is pyrolyzed (dominated by 
M), and the product is mostly labeled when 
13
C-3-glucose or 
13
C-6-glucose are pyrolyzed 
(dominated by M+1). Thus, our data support Scheme 1 is the major production pathway 
of C4H8O4, as predicted by Zhou et al. 
 
 
Scheme 1. Zhou et al. mechanism for the formation of erythrose (C4H8O4).  
 
Figure 3. Real-time pyrolysis profiles of m/z 138 (M, solid) and m/z 139 (M+1, dashed) 
corresponding to the ammonium adduct of erythrose, [C4H8O4+NH4]
+
, from the thin-film 
pyrolysis of glucose with 
13
C label at the carbon-1 (red), carbon-3 (green), or carbon-6 
(purple) positions. 
 
 In the Zhou et al. model,
14
 there is only one reaction pathway that yields C3H6O3, 
shown in Scheme 2. Linear form of D-glucose undergoes Grob fragmentation to produce 
pyruvaldehyde and glyceraldehyde; glyceraldehyde then isomerizes to form prop-1-ene 
which tautomerizes to form dihydroxyacetone. Dihydroxyacetone is assumed to be the 
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final product through isomerization because it is the only product they could detect in 
their Py-GC-MS analysis. All three C3H6O3 isomers are made of carbons 1-3 and 
pyruvaldehyde (C3H4O2) consists of carbons 4-6. Accordingly, this mechanism predicts 
to detect only the M+1 peak as the product of C3H6O3 in the pyrolysis of 
13
C-1- or 
13
C-3-
glucose, and only the M peak in the pyrolysis of 
13
C-6-glucose, regardless which 
structural isomer of C3H6O3 is detected. However, our experimental data is quite different 
from this prediction, as shown in Figure 4A. When 
13
C-1- or 
13
C-3-glucose is pyrolyzed, 
both M and M+1 ions are detected with a ratio of 2:1 and this ratio is reversed when 
13
C-
6-glucose is pyrolyzed. This suggests that there are at least two mechanisms leading to 
C3H6O3, and only 1/3 of the products are in agreement with Zhou et al.  
 
 
Scheme 2. Zhou et al. mechanism for the formation of C3H6O3 (glyceraldehyde and its 
structural isomers). 
 
The difference in the results from the proposed mechanism might be a consequence of 
structural isomers of C3H6O3, which cannot be determined without chromatographic 
separation. GC separation is adopted by adding a GC column in place of the short transfer 
line. This allows for the separate detection of isomers but sacrifices real-time analysis. 
While three structural isomers for C3H6O3 are proposed in glucose pyrolysis (Scheme 2), 
only two peaks are observed in µPy-GC-dAPCI-TOF MS. This occurs not only for 
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glucose but also cellobiose and cellotriose (Figure S3A). These two peaks are assigned as 
glyceraldehyde and dihydroxyacetone according to standard analysis (Figure S3B). 
 
 
Figure 4. (A) Real-time pyrolysis profiles and (B) GC separated profiles of C3H6O3 as an 
ammonium adduct, [C3H6O3+NH4]
+
, at m/z 108 (M, solid) or m/z 109 (M+1, dashed) 
from the thin-film pyrolysis of glucose with 
13
C label at the carbon-1 (red), carbon-3 
(green), or carbon-6 (purple) positions. 
 
Glyceraldehyde is an interesting compound; it is has not been reported in traditional Py-
GC-MS of biomass or GC-MS of bio-oils due to its thermal instability resulting in short 
lifetimes in GC conditions and/or fragility in hard EI conditions resulting in spectra that 
could not be identified confidently. However, we could detect this compound with our 
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gentle dAPCI-TOF MS system with a short GC temperature program (~15 min). 
Equimolar amounts of glyceraldehyde and dihydroxyacetone standards were run on our 
GC-dAPCI-TOF MS system without pyrolysis, seen in Figure S3B, showing the survival 
of glyceraldehyde. There is a significant difference in the yields between the two isomers 
due to the survival differences in GC conditions. When equimolar amounts of 
glyceraldehyde and dihydroxyacetone are directly injected and analyzed with an FID 
connected to a catalytic PolyARC reactor,
26
 approximately 14% of glyceraldehyde 
survives compared to dihydroxyacetone under identical conditions (Figure S3C), which is 
the same as the survival in GC-dAPCI-TOF MS. This is due to the fact that 
glyceraldehyde partially breaks down under typical GC conditions, most likely in the 
high temperature injection port. 
Figure 4B shows the C3H6O3 products in the pyrolysis of the three labeled 
glucoses after gas chromatographic separation; these appear at 6.40 and 7.08 min, 
corresponding to glyceraldehyde and dihydroxyacetone. The glyceraldehyde peak at 6.40 
min shows only the M peak when 
13
C-1- or 
13
C-3-glucose is pyrolyzed and only the M+1 
peak when 
13
C-6-glucose is pyrolyzed. This suggests that glyceraldehyde is made of only 
carbons 4-6 and there is only one pathway to form glyceraldehyde, which is contradictory 
to Scheme 2. The dihydroxyacetone peak at 7.08 min has a 1:2 ratio of M to M+1 ions 
for 
13
C-1- or 
13
C-3-glucose pyrolysis and a 2:1 M to M+1 ratio for 
13
C-6-glucose 
pyrolysis. This means that there are at least two reaction pathways leading to 
dihydroxyacetone, with the major pathway, which explains 2/3 of the products, 
potentially in agreement with the proposed mechanism in Scheme 2. 
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To explain glyceraldehyde composed of carbons 4-6, we propose an alternative 
mechanism as shown in Scheme 3. In this mechanism, linear form of D-glucose 
isomerizes to form linear form of D-fructose, which breaks apart into dihydroxyacetone 
with carbons 1-3 and glyceraldehyde with carbons 4-6 via a retro-aldol reaction. The 
proposed mechanism can explain all glyceraldehyde having carbons 4-6 and the majority 
of dihydroxyacetone with carbons 1-3 in Figure 4B. The minor amount of 
dihydroxyacetone with carbons 4-6 could be also explained as the partial isomerization of 
glyceraldehyde in Scheme 3. This mechanism is also proposed by Seshadri and 
Westmoreland as the most efficient breakdown reaction occurring from linear form of D-
fructose.
12
 Assary and Curtiss have also shown this pathway to be efficient.
10
 The retro 
aldol reaction rate of Scheme 3 to form glyceraldehyde is much faster (331 s
-1
 at 500 
°C)
12
 than the reaction rate to form glyceraldehyde through Grob fragmentation in 
Scheme 2 (2.1 s
-1
 at 500 °C).
14
 Glucose-to-fructose isomerization reaction (the first 
reaction of Scheme 3; 15.4 s
-1
 at 500 °C)
14
 would be the rate determining step, but still 
the overall reaction rate (~14.7 s
-1
; see supplementary discussion) would be faster than 
Scheme 2. They also predicted glyceraldehyde might efficiently fragment to form 
formaldehyde and ethene-diol (400 s
-1
 at 500 °C), which explains instability of 
glyceraldehyde at pyrolysis temperatures. However, our data suggests glyceraldehyde 
could still survive a very short reactor residence time in our instrumentation (0.2 s). In 
fact, C3H6O3 is the product with the highest yield in thin-film glucose pyrolysis in real-
time monitoring.
22
 When we pyrolyzed thin film of glucose inside the cup (reactor 
residence time of ~0.6 s), we detect 1/3 as much glyceraldehyde and 1/2 as much 
dihydroxyacetone while more C6 products are detected (Figure S4). It should be noted 
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that this pathway, or any other pathways proposed later, is not the definitive mechanism 
but is strongly supported by our data and previous studies. We cannot exclude the 
possibility that other pathways may exist that can also explain our data. 
 
 
Scheme 3. Our proposed mechanism for the formation of C3H6O3 (glyceraldehyde and/or 
dihydroxyacetone). 
 
Acetol (C3H6O2) is another product investigated to study the proposed 
mechanism. Two reaction pathways are proposed by Zhou et al. for this compound 
(Scheme 4).
14
 One pathway has erythrose (C4H8O4) as an intermediate; the pathway to 
form this product has previously been shown to be supported by our data (Scheme 1 and 
Figure 3). Erythrose can dehydrate, tautomerize, then decarbonylate to produce acetol 
(bottom pathway of Scheme 4). The other pathway (top pathway of Scheme 4) ultimately 
results in the same products of glycolaldehyde and acetol. In both the pathways, acetol is 
produced with carbons 4-6. However, our real-time analysis of 
13
C-labeled C3H6O2 
almost completely disagrees with this mechanism (Figure 5A), with a majority of C3H6O2 
composed of carbons 1-3. To ensure that there were no additional isomers, gas 
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chromatographic separation was also performed (Figure 5B), and only a single 
chromatographic peak was observed at 4.03 min, which corresponds to acetol. This peak 
has the same M:M+1 ratio as that observed in the real-time data. This means that there 
are at least two reaction pathways to form acetol, and the dominant pathway utilizes 
carbons 1-3. 
 
 
Scheme 4. Zhou et al. mechanism for the formation of C3H6O2 (acetol).  
 
We propose an alternative mechanism for the production of acetol as shown in 
Scheme 5, in which linear form of D-glucose isomerizes to linear form of D-fructose 
which then undergoes Grob fragmentation to produce acetol (carbons 1-3) and 
glyceraldehyde (carbons 4-6). This reaction mechanism is much simpler, only two steps 
from linear form of D-glucose, and expected to be more competitive than the pathway 
proposed by Zhou et al. in Scheme 4. In addition, isomerization to D-fructose has been 
shown to be quite efficient, and Scheme 3 could successfully explain the production of 
glyceraldehyde in Figure 4. It should be noted that this mechanism also produces 
glyceraldehyde with carbon 4-6. However, Scheme 3 is still considered to be the 
68 
 
dominant mechanism in the production of glyceraldehyde considering the much lower 
yield of acetol (C3H6O2) compared to C3H6O3 (only 4% of C3H6O3 in TOF MS signal). 
 
 
Figure 5. (A) Real-time profiles and (B) GC separated profiles of acetol as an 
ammonium adduct, [C3H6O2+NH4]
+
, at m/z 92 (M, solid) and m/z 93 (M+1, dashed) from 
the thin-film pyrolysis of glucose with 
13
C label on the carbon-1 (red), carbon-3 (green), 
or carbon-6 (purple) positions. 
 
  
Scheme 5. Our proposed mechanism for the production of acetol (C3H6O2). 
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The last compound we have closely examined was C2H4O2, with glycolaldehyde 
as the dominant structural isomer, also confirmed with GC (not shown). Production of 
glycolaldehyde is possible through multiple reaction pathways, as can be also noted by 
Zhou et al.
14
 As shown in Figure 6, there is 2:1 ratio of M to M+1 products for the 
pyrolysis of all three labeled glucoses. Among the eight mechanisms proposed by Zhou et 
al. leading to glycolaldehyde, two of them produce glycolaldehyde using carbons 1-2, 
two of them use carbons 3-4, and four of them use carbons 5-6.
14
 Assary and Curtiss 
suggest six mechanisms for the formation of glycolaldehyde in their work; three of them 
use carbons 1-2, one uses carbons 3-4, and the other three use carbons 5-6.
10
 Our data 
suggests that overall reaction pathways are equally competitive, resulting in almost equal 
distributions of glycolaldehyde regardless of 
13
C position. This means that our data may 
not provide specific insight on the reaction mechanism for small one or two carbon 
products but can support the general trend for glycolaldehyde to be formed 
nonpreferentially from all carbon positions. 
 
 
Figure 6. Real-time profiles of glycolaldehyde as an ammonium adduct, 
[C2H4O2+NH4]
+
, at m/z 78 (M, solid) or m/z 79 (M+1, dashed) from the thin-film 
pyrolysis of glucose with 
13
C label on the carbon-1 (red), carbon-3 (green), or carbon-6 
(purple) positions. 
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Conclusions 
 By monitoring pyrolysis products of isotopically labeled glucose in virtually real-
time, we have successfully evaluated a few elementary reactions in the pyrolysis of 
glucose with a reactor residence time of only 0.2 s. Our study supports the previously 
proposed retro aldol mechanism for the formation of erythrose but rejects the previously 
proposed Grob fragmentation for the formation of glyceraldehyde and dihydroxyacetone 
as well as a combined reaction of dehydration, tautomerization, retro aldol, and 
decarbonylation for acetol formation. Alternative mechanisms were proposed that can 
best explain our data: retro aldol reaction with fructose as an intermediate for 
glyceraldehyde formation and Grob fragmentation after tautomerization for acetol 
formation. If the proposed mechanisms are correct, overall this indicates that retro aldol 
reaction is a much more favored elementary reaction compared to Grob fragmentation. 
Acetol formation is an exception, where the previously proposed four consecutive 
reactions containing retro aldol is not as efficient as a simple two-step process with Grob 
fragmentation. This trend also agrees well with prior theoretical studies and the chemical 
reaction rates calculated from the previously reported Arrhenius parameters.  
 In spite of a few primary reactions successfully demonstrated, the number of 
mechanisms we could investigate in the current study is limited to only a few, partially 
due to the low abundance of some compounds and the use of only three isotopically 
labeled glucoses. The information obtained from this study could be used to correct 
reaction mechanisms and their parameters in theoretical modeling and lead to a better 
prediction of final product distributions.  
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Supporting Information 
Supplementary Discussion Regarding Reaction Rate for Glyceraldehyde Formation 
The first order reaction rate constant is often given by Arrhenius equation: 
         (1) 
where Ea is activation energy, R is gas constant (8.314 J/mol), and T is absolute 
temperature (in K). A is the pre-exponential factor with the physical meaning of collision 
frequency for binary reactions and frequency for unimolecular reactions. Table S1 
summarizes Arrhenius parameters for the formation of glyceraldehyde from D-glucose 
through Schemes 2 and 3. Reaction rate constant (k) is calculated according to equation 
(1) at the pyrolysis temperature of 500 °C. Grob fragmentation (Scheme 2) is proposed 
by Zhou et al.
1
 for the glyceraldehyde formation, and the reaction rate constant is 
calculated as 2.13 s
-1
. Retro aldol reaction from D-fructose to glyceraldehyde (Scheme 2) 
is proposed by Seshadri and Westmoreland,
2
 and the reaction rate constant is calculated 
to be very high, 331 s
-1
. Retro aldol reactions, in general, are very fast, and the rate 
constant is in the range of 6-2,570 s
-1
 for Zhou et al. and 27-2,591 s
-1
 for Seshadri and 
Westmoreland at 500 °C.  
The isomerization reaction in Scheme 3 is the rate determining step for the 
formation of glyceraldehyde from D-glucose. The calculated isomerization reaction rate 
is reasonable for Zhou et al. (15.4 s
-1
) but too low for Seshadri and Westmoreland (0.32 s
-
1
). The reaction rate of 0.32 s
-1
 corresponds to the half life time (i.e., ln2/k) of 2.2 s, but it 
is clear from our dataset that overall glucose pyrolysis is completed in less than a half 
second. Seshadri and Westmoreland also proposed water catalyzed isomerization reaction 
(i.e. bimolecular reaction), of which the upper limit for the pseudo first-order reaction 
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rate is calculated as 122 s
-1
 with the partial pressure of water as 1 atm. Hence, the 
isomerization reaction rate from Zhou et al. seems appropriate as it falls between the two 
extreme reaction rate constants by Seshardri and Westmoreland.  
For the consecutive reaction, the overall reaction rate can be approximated from 
each half life time. Namely, 3 = 1 + 2 where the half-life time of i is given as ln2/ki for 
each reaction, k1 and k2 are rate constants of each consecutive reaction, and k3 is the 
overall reaction rate constant. Hence, the overall reaction rate constant for the formation 
of glyceraldehyde through Scheme 3 can be estimated as k3 = 14.7 s
-1
, from 1/k3 = 1/(15.4 
s
-1
) + 1/(331 s
-1
), which is greater than Grob fragmentation of 2.13 s
-1
 and justifies 
Scheme 3 is the major reaction pathway. For the formation of glyceraldehyde and acetol 
in Scheme 5, the same calculation can be performed. In the assumption Grob 
fragmentation of Scheme 5 has the same reaction rate of Grob fragmentation of Scheme 
2, the overall reaction rate constant for Scheme 5 can be calculated as 1.9 s
-1
, from 1/k3 = 
1/(15.4 s
-1
) + 1/(2.13 s
-1
), confirming this reaction is much slower than Scheme 3 and not 
a major pathway for glyceraldehyde, although it is the major pathway for acetol 
formation. 
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Figure S1. Schematic diagram of the instrument used in this study. 
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Figure S2. Direct infusion (+) ESI-TOF MS analysis of isotopically labeled glucoses. 
Insets are magnified views of respective 
12
C peak. 
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Figure S3. (A) Extracted ion chromatogram of C3H6O3 as an ammonium adduct, 
[C3H6O3+NH4]
+
, at m/z 108 in GC-dAPCI-TOF MS for the pyrolysis of 15 μg of glucose 
(red), cellobiose (green), and cellotriose (blue) showing the presence of both 
glyceraldehyde and dihydroxyacetone. Standard analysis of equimolar amounts of 
glyceraldehyde and dihydroxyacetone with (B) GC-dAPCI-TOF MS analysis and (C) 
GC-FID analysis. Note there is ~0.2 min time delay in FID. 
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Figure S4. Extracted ion chromatograms of C3H6O3 as an ammonium adduct, 
[C3H6O3+NH4]
+
, at m/z 108 in Py-GC-dAPCI-TOF MS when glucose is spotted inside 
(grey, solid) and outside (black, dash) on the upper edge of a stainless steel sample cup. 
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Table S1. Carbon yield of select products in the pyrolysis of glucose thin film. 
Chemical  
Composition 
Known Products % Carbon Yield  
(90% confidence interval) 
C2H4O2 glycolaldehyde 7.8 (1.6) 
C3H6O3 glyceraldehyde, dihydroxyacetone 16.6 (1.7) 
C4H6O3 - 2.8 (0.2) 
C5H6O3 - 1.1 (0.2) 
C4H8O4 erythrose 2.6 (1.2) 
C6H6O3 hydroxymethylfurfural, levoglucosenone 0.4 (0.1) 
C5H8O4 - 2.0 (0.4) 
C6H8O4 dianhydroglucopyranose 1.0 (0.3) 
C6H10O5 levoglucosan 2.1 (0.6) 
 
* This data is obtained without GC separation but with high-resolution mass 
spectrometric separation of each product in the pyrolysis of glucose thin film. The 
ionization efficiency is assumed to be proportional to the product of the number of 
carbons and the number of oxygens, then normalized to the ionization efficiency of 
levoglucosan that was externally calibrated. 
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Table S2. Arrhenius reaction rates and rate parameters for glyceraldehyde formation.
a
 
Reaction A, s
-1
 
b
 Ea, 
kcal/mol 
k, s
-1
 Ref 
Grob fragmentation (1st rxn of Scheme 
2):  
D-glucose   
Glyceraldehyde + Pyruvaldehyde 
1.5x10
15
 52.5 2.13 Zhou 
Isomerization (1st rxn of Scheme 3): 
D-glucose  D-fructose 
7.3x10
11 
4.3x10
10
 
43.7 
33.4 
0.32 
15.4 
Seshadri  
Zhou 
D-glucose + H2O  D-fructose + H2O 
b
 3.0x10
11 
 33.2 <122 
c
 Seshadri 
Retro aldol (2nd rxn of Scheme 3): 
D-fructose   
Dihydroxyacetone + Glyceraldehyde 
3.87x10
12
 35.6 331 Seshadri  
 
a. Reaction parameters are from Zhou et al.
1
 or Seshadri and Westmoreland,
2
 and 
calculated only for unimolecular fragmentation at the temperature of 500 °C.  
b. Pre-exponential A factor has the unit of s
-1
 for the unimolecular reaction and s
-1
 atm
-1
 
for the bimolecular reaction. The only binary reaction here is water-assisted 
isomerization.  
c. Bimolecular reaction rate for water-assisted isomerization cannot be calculated without 
the information on partial water pressure. Upper limit of pseudo first-order reaction 
rate was calculated for the local water pressure of 1 atm. 
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CHAPTER 5 
REAL-TIME MONITORING OF SINGLE PARTICLE PYROLYSIS FOR 
HERBACEOUS AND WOODY NATIVE BIOMASS WITH TIME-OF-FLIGHT MASS 
SPECTROMETRY 
A manuscript to be submitted to Journal of Analytical and Applied Pyrolysis 
Carolyn P. Hutchinson, Evan A. Larson, and Young Jin Lee 
 
Abstract 
 Bio-oils from fast pyrolysis conversion of lignocellulosic biomass are a promising 
source of drop-in fuels and commodity chemicals. However, a significant bottleneck 
toward optimization of this renewable energy platform is the lack of fundamental, 
molecular-level understanding validated by experiments. The complexity of 
lignocellulosic biomass and a lack of appropriate instrumentation to perform the 
necessary measurements have prevented significant forward progress despite decades of 
research. Lignocellulosic biomass is composed of three main biopolymers (cellulose, 
hemicellulose, and lignin); the amount and composition of each vary depending on the 
type of biomass. In this work, single particles (< 20 µg) of herbaceous, hardwood, and 
softwood biomass are pyrolyzed and the pyrolyzates are analyzed in real-time without 
separation using a novel dopant-assisted atmospheric pressure chemical ionization source 
coupled to a time-of-flight mass spectrometry system. We are able to observe differences 
in total pyrolysis time as well as differences in the temporal profiles of pyrolyzates 
produced from the decomposition of each biopolymer. Observed differences are 
explained based on the lignin, cellulose, and hemicellulose content and composition. 
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Introduction 
 Thermochemical conversion of lignocellulosic biomass is promising as a 
supplement or replacement for petroleum fuels and products. Fast pyrolysis produces 
high yields (up to 60%) of condensables, called bio-oils, which can be upgraded to drop-
in transportation fuels and commodity chemicals.
1-2
 However, bio-oil suffers from several 
problems (e.g., high oxygen content, highly acidic, highly corrosive, high water content, 
poor long-term stability) which petroleum oil does not, and forward progress towards 
solving these issues has been stalled due to a lack of experimentally validated 
fundamental understanding.
2
 
 Lignocellulosic biomass is composed of three main biopolymers: cellulose, 
hemicellulose, and lignin. Additionally, there are pectins, proteins, and minerals present, 
though these are typically found in amounts small enough to be negligible.
3
. 
Hemicellulose and cellulose together create cross-linked fibrils, and hemicellulose is then 
usually covalently bound to lignin.
4
 These three biopolymers determine many properties 
of plants, such as the flexibility of herbaceous biomass due to its low cellulose content 
compared to hemicellulose.  
Cellulose is the simplest and most abundant biopolymer, made of linear chains of 
D-glucose units connected by β-1,4-linkages.6-7 It has a well-defined structure, unlike 
hemicellulose and lignin. The bulk of molecular-level research has focused on cellulose. 
Historically, kinetic regimes have been described as lump-sum models with the Broido-
Shafizadeh model being the most representative.
6
 Several breakthroughs in the early 
2010’s resulted in the development of a mechanistic model based on glucose pyrolysis.7-9 
Our group has successfully applied novel instrumentation to the analysis of thin-film 
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pyrolysis of carbohydrates and isotopically labeled glucose to further develop these 
regimes. Hemicellulose and lignin have both undergone far less study than cellulose, 
however. 
Hemicellulose is a branched heteropolymer with a diverse structure composed of 
several types of saccharides including pentoses and hexoses. Its composition varies 
between feedstocks and includes nearly all the D-pentose sugars found in plant matter. In 
different biomasses, hemicellulose varies greatly in terms of physical and physiochemical 
properties and structure due to the different monomers present, type of bonding with 
lignin, degrees of acetylation, and degrees of branching.
3,5
 Xylans (predominant in 
hardwood and herbaceous hemicellulose)
5
 can form ester-linkages with lignin while 
arabinoxylans (the major hemicellulose polysaccharide in herbaceous biomass)
3,5
 
covalently cross-link with lignin through ferulic acid groups.
3
 Xyloglucans in softwood 
biomass hydrogen bond more strongly with cellulose then other common hemicelluloses 
subunits. 
Hemicellulose research has been limited due to its complexity as well as a number 
of other reasons. Isolating hemicellulose without altering the chemical structure is not 
possible currently as the severity of isolation treatments greatly affects the structure and 
composition of the isolated hemicellulose (e.g., stripping off acetyl functionalities).
5
 Most 
research has focused on commercially available hemicellulose and polysaccharide 
surrogates which do not satisfactorily represent the complexity of native hemicellulose. 
Theoretical studies have been conducted,
10-11
 as have studies using surrogates and isolates 
despite their shortcomings.
12-16
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Lignin is a complex, unstructured phenol-based heteropolymer composed of three 
monolignol monomers whose structures are shown in Figure 1: p-coumaryl alcohol (H), 
coniferyl alcohol (G), and sinapyl alcohol (S). The amount and type of these monolignol 
monomers depends on the feedstock.
17
 Herbaceous lignin contains H, S, and G; 
hardwood lignin contains S and G; softwood lignin contains G with a small amount of 
H.
17
 Research on isolated lignin has been slightly more productive than hemicellulose 
research, though is currently limited mostly to theoretical studies, surrogates, and 
attempts to classify the lignome. Patwardhan et al. were able to gain some insights into 
the fast pyrolysis of corn stover lignin using micropyrolysis-GC-MS/FID, though they 
were unable to detect oligomers with these methods and did not suggest any molecular 
mechanisms.
18
 Wang et al. looked at lignin polymers isolated with four different methods 
from pine wood, with similar limitations.
19
 A number of studies using surrogate model 
compounds have attempted to satisfactorily provide a basis for molecular-level lignin 
behavior modeling.
20-22
 A unique comparison of softwood, hardwood, and herbaceous 
lignin by Zhou et al. did provide insight into the impact of the monolignol monomer 
composition on the pyrolysis behavior of lignin isolates.
23
 Little work has been conducted 
to attempt to study whole biomass in its native state.
2, 4-5, 7, 24-27
 
 
Figure 1. Monolignol monomers: p-coumaryl alcohol (H), coniferyl alcohol (G), sinapyl 
alcohol (S). 
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We have recently developed a novel analytical platform to address the issues 
facing the analysis of native biomass pyrolysis behavior. This is accomplished using real-
time analysis with a high heating rate without necessitating GC separation. A drop-in 
microfurnance pyrolyzer is directly connected to a high resolution, high sensitivity, fast 
scanning time-of-flight mass spectrometer (TOF MS) through dopant-assisted 
atmospheric pressure chemical ionization (dAPCI). A GC oven is used to prevent 
condensation but no chromatographic column is used. This allows us to monitor each 
molecular product with subsecond temporal resolution for a small sample size. 
Using this system, we investigate the molecular-level pyrolysis behavior of single 
particles of herbaceous, hardwood, and softwood whole biomass. By monitoring single 
particles of whole biomass, temporal profiles for pyrolyzates from cellulose, 
hemicellulose, and lignin can be derived. Relationships between lignin, cellulose, and 
hemicellulose content and the pyrolysis behavior can be elucidated from these temporal 
profiles. This provides unique insight into the fast pyrolysis behavior of different biomass 
types. 
 
Experimental Section 
Materials & Sample Introduction 
 
13
C6-levoglucosan (1,6-anhydro-β-glucopyranose) (>99% 
13
C atom) was obtained 
from Omicron Biochemicals (South Bend, IN). Representative hardwood (red oak), 
softwood (loblolly), and herbaceous (corn stover) biomass were provided by the Brown 
group at the Bioeconomy Institute at Iowa State University. All wood samples were 
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debarked. The wood samples were ground and sieved; the corn stover was ball milled. 
The samples were pyrolyzed with no further processing. 
 Samples were introduced using deactivated stainless steel cups. A thin-film of 
0.05 μg 13C-levoglucosan was placed on the outside upper rim of the sample cup to serve 
as an internal standard for time correction and as an internal standard. This film was dried 
under a light vacuum for ~1 min. Particles of biomass were sorted for similar shape, 
color, and size. A single particle was selected and placed inside the sample cup using a 
short length of pulled fused silica capillary. 
 To ensure accurate time correction, two cups were dropped in sequence using an 
auto shot sampler (AS-1020E, Frontier, Fukushima, Japan) with a 0.1 min run time. The 
first cup only has the 
13
C-levoglucosan film and the second cup has the biomass particle 
in addition to the 
13
C-levoglucosan film. This provides a reproducible 135 second time 
between the two cups. In addition to the 6 s of run time, the extra 129 s is due to dead 
times for communication between the various components, ejecting the used sample cup, 
purging the holding chamber on the auto shot sampler, and other preparation time for the 
auto shot sampler and GC. Extracting the m/z 186 ([
13
C6H10O5+NH4]
+
) ion trace allows 
for correction of time-zero on the biomass cup (the second cup) since levoglucosan 
evaporates rather than pyrolyzes, providing an accurate time-zero to calibrate tdrop, tescape, 
and tdead, leaving only tpyrolysis and theating left to take into account. 
 
Mass Spectrometry Analysis 
 These cups were introduced to the μPy-dAPCI-TOF MS system via the auto shot 
sampler and a drop-in micropyrolyzer (3030S, Frontier) mounted on the inlet of a gas 
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chromatograph (7890A, Agilent, Palo Alto, CA). A deactivated fused silica transfer line 
(0.61 m, 100 μm inner diameter) is used to directly connect the GC injection port to a 
GC-APCI interface (Agilent 3212) a time-of-flight mass spectrometer (TOF MS) 
(Agilent 6224). The inlet, interface, and oven temperature are all set to 280 °C, and the 
inlet split is set at 100:1 (100 mL/min through the micropyrolyzer, 1 mL/min through the 
transfer line). Pre-heated ammonia (500 ppm in helium, 1 mL/min) is added as a dopant 
gas to the create a dopant-assisted APCI source (dAPCI). Ammonia is introduced as a 
sheath gas around the capillary so that it is heated to the same temperature as the column 
effluent. The ionization source is humidity controlled year-round with a simple, robust 
system built in-house utilizing dry and humidified nitrogen. 
 
Results and Discussion 
 A novel analytical system developed by our group for studying biomass pyrolysis 
in real-time was used for the current study. The schematic diagram is shown in Figure S1 
and described in detail elsewhere.
25
 Briefly, biomass materials are pyrolyzed using a 
drop-in microfurnance which allows for extremely fast heating rates. The analytes travel 
through a short (0.6 m) deactivated fused silica transfer line in an oven held below the 
pyrolysis temperature of the majority of carbohydrates but warm enough to prevent 
condensation. This allows the compounds to elute without any separation with a 
residence time of less than 2 s.
25
 The pyrolyzates are ionized with dopant-assisted 
atmospheric pressure chemical ionization (dAPCI) and introduced into a time-of-flight 
mass spectrometer (TOF MS). dAPCI is a soft ionization which, when ammonia gas is 
introduced as a dopant, which prevents fragmentation and allows for sub-second, pseudo 
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real-time monitoring using high mass resolution and fast scanning TOF MS. 
13
C6-
levoglucosan (0.05 μg) is applied as a thin-film on the outside upper edge of the sample 
cup to provide a pyrolysis time calibrant. The time profile of each pyrolyzate could be 
monitored by tracing each ion signal using a narrow mass window (0.1 u). When the 
critical size dimension (i.e., the one heat must transfer through for pyrolysis to occur) is 
small enough (< 70 µm)
9, 33
, the time in the melt phase is nominal as the particle 
pyrolyzes nearly immediately from solid to gaseous products, minimizing melt phase 
reactions. Secondary vapor phase reactions cannot be avoided but they are minimized in 
our system by the short residence time (~0.2 s) and the temperature difference between 
the furnace and the dead zone of the transfer line. 
 Biomass particles were selected to have similar shape, dimensions, and color, as 
biomass is typically very heterogeneous on the particle level. The corn stover used was 
ball-milled and thus more homogeneous; a small amount (<20 μg) was placed into the 
13
C6-levoglucosan labeled sample cup using a short piece of pulled fused silica capillary. 
The red oak and loblolly pine were both ground and sieved for a particle size less than 
200 μm. Single particles with mass < 30 μg were placed in the bottom of 13C6-
levoglucosan labeled sample cups using pulled fused silica capillary. The sensitivity of 
dAPCI-TOF MS allows for the analysis of such small amounts, approximately 1/10 to 
1/20 the typical load amount used for μPy-GC-FID or μPy-GC-MS studies with 
traditional electron ionization mass spectrometry. 
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Figure 2. Averaged mass spectra (A-C) and total ion chromatograms (D-F) from 
pyrolysis of corn stover (A, D), red oak (B, E), and loblolly pine (C, F). 
 
 A representative mass spectrum for the pyrolysis of each biomass and the 
corresponding total ion chromatogram (TIC) is shown in Figure 2. The mass spectra are 
averaged from -0.2 s to twice the full width at half maximum (FWHM) of the pyrolyzate 
total ion chromatogram in order to capture a representative mass spectrum. The 
FWHMTIC are measured to be 1.75 s (corn stover), 2.5 s (red oak), and 4 s (loblolly pine). 
The increase in pyrolysis time may be due in part to increased lignin content in each since 
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corn stover contains the least lignin (12 wt%) while loblolly pine contains the most (16%) 
and the decreased availability of holocellulose for pyrolysis the lignin content causes. 
The mass spectrum of corn stover (Figure 2A) shows significant contributions from m/z 
116.071, 134.081, and 150.076, corresponding to [C5H6O2+NH4]
+
, [C5H8O3+NH4]
+
, and 
[C5H8O4+NH4]
+
 respectively. These small C5 compounds are produced from the 
pyrolysis of hemicelluloses; it is known that furans are more readily produced from 
sugars which enter pyrolysis as furans. The red oak mass spectrum (Figure 2B) is 
dominated by m/z 180.086, corresponding to [C6H10O5+NH4]
+ 
(levoglucosan), as well as 
m/z 99.045 ([C5H6O2+H]
+
), 115.039 ([C5H6O3+H]
+
), 145.050 ([C6H8O4+H]
+
), 222.098 
([C8H12O6+NH4]
+
), and 252.109 ([C9H14O7+NH4]
+
). These compounds are products of 
holocellulose pyrolysis; levoglucosan is produced from the pyrolysis of cellulose, the C5 
compounds from the pyrolysis of hemicelluloses, and the larger compounds are 
saccharide oligomers. The mass spectrum of loblolly pine has major ions at m/z 102.056 
([C4H4O2+NH4]
+
), 132.066 ([C5H6O3+NH4]
+
), 162.076 ([C6H8O4+NH4]
+
), 180.086 
([C6H10O5+NH4]
+
), and 222.098 ([C8H12O6+NH4]
+
). With the exception of [C6H8O4+H]
+
 
which has been observed in the pyrolysis of isolated lignin, all the dominant ion 
contributions in any biomass are from holocellulose pyrolysis. Herbaceous biomass 
typically has a high hemicellulose content compared to its cellulose content, and 
hemicellulose preferentially forms C5 highly oxygenated compounds due to its largely 
xylan composition rather than the C6 sugaric compounds formed from the glucose-based 
cellulose. The higher abundance of oligomers in hardwood biomass is likely due to the 
significantly higher cellulose content (41 wt% compared to 29 wt% for herbaceous and 
32 wt% for softwood). TGA has shown that cellulose takes the longest time of the three 
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main lignocellulose biopolymers to begin pyrolysis, resulting in more metastable 
intermediates observed in our instrumentation. Two metastable intermediates are 
observed in significant abundance from both woody feedstocks: C8H12O6 and C9H14O7. A 
table of all the major compounds with formulas is presented in the Supplementary 
Information (Table S1). 
 Compounds from the pyrolysis of holocellulose and previously identified in 
cellulose thin-film pyrolysis by our group were evaluated for differences in behavior. 
Their time profiles are evaluated using EICs over a narrow mass window of 0.1 u (Figure 
3). These time profiles allow for further investigation into the behavior of these 
pyrolyzates. Specific m/z values can be monitored in extremely short time windows (0.05 
s) due to the fast scanning speed of the TOF MS. Most compounds begin eluting after 
time-zero; however, each biomass has several compounds which have a small, narrow 
peak at around -0.1 s in addition to the later intense, broad peaks. This behavior is seen in 
C6H10O5 and C6H8O4 for corn stover, C6H8O4 and C6H6O3 for red oak, and C6H10O5, 
C6H8O4, C4H6O3, and C3H6O3 for loblolly pine. This early peak is likely caused by 
surface pyrolysis of exposed hemicellulose, which readily decomposes and is available 
on the surface of the biopolymer fibrils. Most pyrolyzates for corn stover begin to appear 
after 0.5 s and reach maxima around 1.25 to 1.5 s (Figure 3A). C4H6O3 is an interesting 
exception, however; it begins to appear at 0.2s and reaches a maximum at 0.75 s. This 
behavior suggests that in herbaceous biomass it is preferentially produced from another 
source such as hemicellulose even though this compound has previously been observed in 
cellulose pyrolysis. Red oak holocellulose pyrolyzate time profiles are dominated by 
levoglucosan (Figure 3B). Levoglucosan and dianhydroglucopyranose display a bimodal 
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distribution with a first peak with FWHM of 4 s and maxima at 1.65 s with a second 
smaller peak at 10.37 s; hydroxymethyl furfural has a similar bimodal distribution except 
the first peak is narrower (FWHM 3.25 s) and the maximum occurs at 0.95 s. Loblolly 
pine has a similar behavior without the bimodal distribution for levoglucosan, 
dianhydroglucopyranose, hydroxymethyl furfural, and C4H6O3 (Figure 3C). The similar 
behavior of these compounds in all three biomass types suggests that the type and 
composition of biomass has less effect on the products formed by cellulose pyrolysis but 
does determine how these pyrolyzates are able to escape the particle. Loblolly pine in 
particular, but red oak as well, show fluctuations indicative of aerosol ejection while the 
profile of corn stover pyrolysis is more similar to earlier thin-film experiments. To ensure 
that the difference in preparation between the ball-milled corn stover and the ground 
wood was not causing this, ground and sieved corn stover was pyrolyzed and the 
pyrolyzate behavior was extremely similar to the ball-milled corn stover. This means that 
the differences observed are caused by the structure and type of biomass rather than the 
preparation. Corn stover has a lower lignin content and much higher hemicellulose-to-
cellulose ratio than red oak or loblolly pine, suggesting that low lignin and high 
hemicellulose content provide accessible cellulose for pyrolysis. 
 
 
 The time profiles of major compounds from lignin pyrolysis were compared in 
Figure 4. Since the lignin of each biomass varies based on the monolignol monomer 
composition, the phenolic profiles are expected to differ drastically. The phenolic 
compounds when corn stover is pyrolyzed, but the time profiles all have similar 
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characteristics as seen in Figure 4A. With the exception of one compound studied which 
begins to appear to 0.25 s, phenolic products begin to appear at 0.5 s. All low intensity 
compounds have a FWHM of 2.5 s and the high intensity compounds have a FWHM of 1 
s. The phenolic compounds produced from red oak pyrolysis (Figure 4B) and loblolly 
pine (Figure 4C) are radically different from each other and from corn stover. The 
phenolic pyrolyzates from red oak begin to appear at -0.2 s and reach a maximum at -0.05 
s with the exception of the most abundant pyrolyzate which reaches a maximum at 0.05 s. 
Loblolly pine phenolic pyrolyzates resemble the distribution of the cellulose sugaric 
pyrolyzates with a bimodal distribution consisting of a sharp peak at -0.1 s and a broad, 
fluctuating second peak between 0.6 s and 5.8 s. The varying behavior could be due to 
interactions between cellulose and lignin in the different feedstocks. Cellulose and lignin 
are present together in plant cell walls and together provide structural stability for the 
plant. Loblolly pine has the largest ratio of lignin-to-cellulose on a weight percent basis 
(0.5) while red oak has the lowest (0.31). Hardwoods also have less polar lignin than 
softwoods, meaning that it is less likely to form stable bonds with cellulose which must 
be broken before pyrolysis can proceed. 
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Figure 3. Time profiles for select compounds from pyrolysis of holocellulose in corn 
stover (A), red oak (B), and loblolly pine (C). 
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Figure 4. Time profiles for select phenolic compounds from pyrolysis of corn stover (A), 
red oak (B), and loblolly pine (C). 
 
 
 The most abundant compounds in the pyrolysis of each biomass are especially 
interesting. Occurring at m/z 193.086 and m/z 163.076, these ions are assigned as 
[C11H12O3+H]
+
 and [C10H10O2+H]
+
. The mass difference of 30.01 can be confidently 
assigned as CH2O corresponding to a methoxy loss. Since the monolignol monomers 
vary only by their methoxy functionalities, it is likely that these phenolic pyrolyzates are 
derived from the monolignol monomers. This hypothesis is supported by the fact that 
[C9H8O+H]
+
 (m/z 133.065) is also present in corn stover and loblolly pine. However, the 
double bond equivalence value for these compounds is equal to 6, meaning that the 
central motif is more substituted than a phenol ring. Based on MS/MS data, the structures 
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are identified as a series of methoxy additions to 3H-inden-5-ol (Figure S2). Corn stover 
pyrolysis produces m/z 133.065, 163.076, and 193.086 corresponding to derivatives of H-
, G-, and S-type lignin subunits respectively. Red oak pyrolysis produces m/z 163.076 
and 193.086 from G- and S-type lignin subunits. Loblolly pine produces m/z 133.065 and 
163.076 from H- and G-type lignin subunits. 
 The time profiles for the lignin-derived pyrolyzates of each biomass are also 
extremely different, suggesting differences in the accessibility of the lignin for pyrolysis. 
Corn stover lignin pyrolyzates appear after about 0.5 s and pyrolysis is complete shortly 
after (Figure 4A). Herbaceous lignin has strong ferulic acid cross-links with 
hemicelluloses, which has some hydrogen-bonding with cellulose. Red oak lignin 
pyrolyzates evolve immediately and complete in a short time (Figure 4B); hardwood is 
more nonpolar than softwood and is less strongly bound to hemicelluloses than 
herbaceous lignin. Thus, hardwood lignin is able to pyrolyze quickly. Loblolly pine 
lignin pyrolyzates exhibit an initial sharp peak near 0s then a second distribution with a 
large amount of irregular fluctuations throughout. The fluctuations have previously been 
attributed to aerosol ejections that occur when biomass spends adequate time in the 
molten phase. Softwood lignin is also more polar than hardwood lignin and thus can form 
non-covalent bonds with itself. Additionally, softwood hemicellulose, though not 
strongly covalently bound to lignin, is composed of hexoses unlike herbaceous or 
hardwood hemicelluloses; this allows softwood hemicellulose to form strong hydrogen 
bonds with cellulose. 
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Conclusions 
 In this work, we were successfully able to analyze and compare three different 
very small, representative samples of the major types of biomass (herbaceous, hardwood, 
softwood) in their native state in real-time using µPy-dAPCI-TOF MS, a novel analytical 
platform developed by our group. The sensitivity of this platform allows for the analysis 
of single particles (< 20 µg), one order of magnitude smaller than the amount needed for 
typical GC-MS analysis. The high mass resolution of the TOF MS does not necessitate 
GC separation and thus allows for real-time analysis. Differences in total pyrolysis time 
were observed; tentatively, increased pyrolysis time is correlated with increased lignin 
content as herbaceous biomass (corn stover) contains the least lignin and completes 
pyrolysis most quickly while softwood (loblolly pine) contains the most lignin and 
requires the longest time for pyrolysis to complete. Both woody biomass spectra see 
significant contributions from C6 and larger compounds from holocellulose pyrolysis. 
This is due to the high cellulose content in both woody biomasses. The herbaceous 
biomass spectrum is dominated by C5 and smaller compounds from hemicellulose. 
Metastable intermediates (e.g., C8H12O6, C8H14O7) can be observed with this method. 
 By extracting ion chromatograms over a small mass window (0.1 u) and 
correcting for time-zero, temporal profiles for pyrolyzates from the decomposition of 
holocellulose and lignin can be constructed. The differences in temporal profiles are 
likely due to differences in structure and in composition between the types of biomass. 
For example, hardwood lignin is more nonpolar than softwood lignin and the phenolic 
temporal profiles for red oak is narrow, beginning slightly before 0 s, while the phenolic 
temporal profiles for loblolly pine are much broader. A series of compounds with a 3H-
99 
 
inden-5-ol central motif and methoxy additions derived from the monolignol monomers 
was discovered. SEM imaging of the biomass particles could help verify the impact of 
structure. TGA analysis of the biomass samples will help elucidate the impact of 
biopolymers on pyrolysis behavior. Detailed information on the prevalence of these 
cross-linkages is not widely available but would provide a better understanding of the 
molecular-level structure of native biomass. By expanding the study to include more 
biomass, more general conclusions about the pyrolysis behavior of different types of 
biomass will be able to be made. 
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Supplemental Information 
 
Figure S1. μPy-dAPCI-TOF MS schematic diagram 
 
 
 
Figure S2. MS/MS of m/z 193, corresponding to [C11H12O3+H]
+
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 Table S1. List of m/z values and formulas for compounds in biomass pyrolysis 
m/z Formula Corn Stover Red Oak Loblolly Pine 
78.057 C2H4O2   Y 
92.071 C3H6O2 Y  Y 
99.045 C5H6O2  Y Y 
102.056 C4H4O2 Y  Y 
104.071 C4H6O2 Y  Y 
108.066 C3H6O3   Y 
113.060 C6H8O2 Y   
114.056 C5H4O2 Y   
114.089 C6H8O Y   
115.039 C5H6O3 Y Y Y 
116.071 C5H6O2 Y  Y 
117.055 C5H8O3 Y Y  
118.086 C5H8O2 Y  Y 
120.066 C4H6O3 Y  Y 
127.039 C6H6O3 Y Y Y 
127.075 C7H10O2 Y   
128.071 C6H6O2 Y   
129.055 C6H8O3  Y Y 
130.051 C5H4O3 Y  Y 
130.086 C6H8O2 Y   
132.066 C5H6O3 Y Y Y 
133.067 C9H8O   Y 
134.081 C5H8O3 Y Y Y 
142.086 C7H8O2 Y   
143.035 C6H6O4  Y  
144.066 C6H6O3 Y Y Y 
144.099 C7H10O2 Y   
145.050 C6H8O4  Y Y 
146.080 C6H8O3 Y Y Y 
148.050 C6H10O3 Y   
150.076 C5H8O4 Y Y Y 
151.076 C9H10O2 Y  Y 
152.126 C6H14O3 Y   
153.055 C8H8O3 Y  Y 
154.087 C8H8O2 Y   
155.070 C8H10O3 Y Y  
156.101 C8H10O2 Y   
158.082 C7H8O3 Y   
160.061 C6H6O4   Y 
160.097 C7H10O3 Y   
162.076 C6H8O4 Y Y Y 
163.075 C10H10O2 Y Y Y 
164.091 C6H10O4 Y Y  
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Table S1 continued 
m/z Formula Corn Stover Red Oak Loblolly Pine 
167.071 C9H10O3 Y Y  
169.086 C9H12O3   Y 
170.082 C8H8O3 Y  Y 
172.097 C8H10O3 Y Y  
174.077 C7H8O4  Y  
176.093 C7H10O4 Y   
178.070 C7H8O5  Y Y 
179.071 C10H10O3  Y Y 
180.087 C6H10O5 Y Y Y 
181.088 C10H12O3 Y Y Y 
182.102 C6H12O5  Y  
183.066 C9H10O4  Y  
183.102 C10H14O3  Y  
184.097 C9H10O3 Y  Y 
186.107 13C6H10O5 INT STD INT STD INT STD 
192.087 C7H10O5  Y  
193.086 C11H12O3 Y Y  
194.093 C11H14O3 Y Y  
195.100 C11H14O3 Y Y  
196.096 C10H10O3 Y  Y 
197.082 C10H12O4  Y  
198.102 C14H14O  Y  
198.111 C10H12O3 Y  Y 
208.190 C10H22O3 Y   
209.081 C11H12O4 Y Y  
210.098 C7H12O6  Y  
211.097 C11H14O4  Y  
212.126 C11H14O3 Y   
222.098 C8H12O6  Y Y 
222.101 C16H14O Y   
223.098 C12H14O4 Y Y  
228.123 C11H14O4 Y Y  
240.110 C8H14O7  Y  
252.109 C9H14O7  Y  
264.109 C10H14O7  Y  
282.122 C18H18O3  Y  
294.126 C19H18O3  Y  
303.123 C17H18O5  Y  
304.248 C16H30O4 Y Y  
305.251 C20H32O2 Y   
324.136 C23H14O  Y  
390.184 C28H20O  Y  
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CHAPTER 6 
GENERAL CONCLUSIONS 
 
Summary and Conclusions 
 The work presented in this dissertation provides a strong foundation for applying 
atmospheric pressure ionization (API) in combination with high resolution mass 
spectrometry (HRMS) to build a molecular-level understanding of biomass pyrolysis with 
detail which cannot be achieved through typical analysis methods. This is achieved 
through novel ionization techniques and innovative analytical platforms. Combining soft, 
fragmentation-free ionization with high mass accuracy allows for separation-free 
chemical identification of the products of fast pyrolysis. 
 First, an ionization technique was explored to provide less specific ionization of 
biofuel compounds. Negative mode atmospheric pressure photoionization (APPI) was 
coupled with high resolution Fourier transform ion cyclotron resonance mass 
spectrometry (FT-ICR MS) to explore the molecular-level chemical composition of two 
nitrogen-rich switchgrass biofuels: fast pyrolysis bio-oils and gasification biotar. 
Negative APPI-FT-ICR MS was able to ionize a wide range of compounds with less 
specificity than positive APPI, positive electrospray ionization, or negative electrospray 
ionization. 
 Next, a series of three chapters explored an important analytical platform. 
Dopant-assisted atmospheric pressure chemical ionization (dAPCI) prevents the 
fragmentation which normally necessitates separation in traditional APCI as well as other 
MS techniques typically coupled with gas chromatography (GC). The role of water in the 
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ionization mechanisms is also explored. Even in the presence of the ammonia dopant, 
water plays an extremely important role. Thus, a humidification system was built in-
house to provide ample, stable humidity to the source. This system has been in use for 
over two years now with excellent results. It is applied in the following two chapters. 
 Next, a micropyrolyzer (µPy) is placed on the back inlet of the GC. A short, 
deactivated fused silica transfer line to directly deliver pyrolyzates without separation, 
and selectively 
13
C-labeled glucose is pyrolyzed in order to monitor the survival of the 
label on reaction products. Using the temporal profiles achieved from the dAPCI-TOF 
MS system, previously proposed primary reaction pathways can be supported or 
invalidated. For example, the proposed pathway for erythrose was supported while the 
pathway for dihydroxyacetone was invalidated. Dihydroxyacetone was found to be 
invalid due to limitation of traditional analysis techniques which are not present in the 
µPy-dAPCI-TOF MS system. 
 Finally, µPy-dAPCI-TOF MS is applied to single particles of native biomass for a 
unique comparison of herbaceous, hardwood, and softwood biomass. Differences in the 
temporal profiles of products from the decomposition of holocellulose and lignin can be 
observed. Fundamental studies such as this are extremely difficult with traditional 
analytical platforms due to sample load requirements, limitations in analyte identification, 
and a lack of real-time analysis. For example, hardwood phenolic products were observed 
immediately while herbaceous and softwood lignins required about half a second to 
appear, which may be due to the more nonpolar nature of hardwood lignin. 
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Future Directions 
 As this was the first rigorous application of this novel analytical platform, there 
are nearly limitless places to take it yet. For example, rigorous studies on the effects of 
thickness in cellulose pyrolysis could be possible due to the small sample load amount 
possible. Preliminary work has shown promising differences between even small but 
equal amounts of powder and film for cellulose and lignin. This is an important step in 
connecting thin-film kinetics to reactor kinetics, since reactors pyrolyze three 
dimensional particles which are heated in three dimensions, similar to small-scale powder 
pyrolysis in this system. The best results would be achieved by comparing thin-films, 
thick-films (films greater than the isothermal-kinetic limit), and powders of different 
dimensions to extract a full range of kinetics parameters and fully understand the effect 
that the powder structure has compared to the suspended and dried films. 
 Another important direction to take this project in is catalysis. Much fast pyrolysis 
research currently focuses on in situ catalysis due to the importance of upgrading bio-oil 
to achieve a usable transportation fuel or increase yields of value-added chemicals. By 
replacing the current single shot micropyrolyzer with a tandem micropyrolyzer, this 
system could easily be modified for analysis of catalysts in complementary ways to the 
engineers working to solve these problems. 
 Either direction will result in a huge, important impact in the field of fast 
pyrolysis. Atmospheric pressure ionization combined with high resolution mass 
spectrometry holds huge potential for solving the most pressing problems of fast 
pyrolysis. By answering fundamental, molecular-level questions, we are able to expand 
the knowledge base in ways that have not been possible for decades. 
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Abstract 
 Very little is known about the detailed chemical kinetics of pyrolysis reactions. 
We developed a new technique that allows for the monitoring of each molecular product 
from fast pyrolysis with 0.1 second temporal resolution. Molecular products in thin-film 
pyrolysis of a series of glucose-based carbohydrates were studied which revealed 
unprecedented details of the pyrolysis reaction process, including the time-scale of 
molecular product formation and the existence of metastable intermediates. Small 
carbohydrates are completely pyrolyzed within one second while glucose pyrolysis 
required only one-half second. In contrast, a surprising time delay of one second is 
observed for the thin-film pyrolysis of cellulose and α-cyclodextrin. The product yield 
distribution in the pyrolysis of various carbohydrates was compared with previous work, 
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and the difference was attributed to the reactor residence time, the presence of metastable 
intermediates, and identification difficulty in NIST library searches.  
 
Introduction 
 Fast pyrolysis produces high yields of condensable vapors (bio-oils) which can be 
upgraded into drop-in fuels or commodity chemicals.
1-3
 Fundamental understanding of 
fast pyrolysis is very limited despite three decades of research, mostly owing to the 
complexity of the pyrolysis process.
4
 The kinetics of biomass pyrolysis has mostly been 
studied with global lump-sum models which ignore the chemical reactions of each 
molecular compound, leading to inconsistent kinetic parameters between measurements.
5
 
Recently, the Broadbelt group developed a mechanistic model for cellulose pyrolysis by 
dissecting pyrolysis reactions into hundreds of individual reaction steps.
6-8
 This 
mechanistic approach provides predictive capabilities regarding the final product 
distribution and time evolution of each product. However, there are several critical 
limitations, including uncertainty of the proposed mechanisms and ambiguities in the 
Arrhenius rate parameters deduced from quantum mechanical calculations and fitting into 
experimental datasets. Furthermore, the model is built on idealistic situations without 
considering heating rate, phase transitions,
9
 or aerosol formation/ejection
10
 that occur in 
most experiments. 
 Some recent breakthrough technologies have dramatically improved our 
fundamental understanding of fast pyrolysis. Lédé and coworkers developed radiant flash 
pyrolysis using a focused xenon lamp, revealing the presence of non-volatile oligomers 
from immediately quenched intermediates.
11
 Dauenhauer and coworkers used high-speed 
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photography to visualize aerosol ejection from boiling molten phase cellulose
9-10
 and 
developed thin-film pyrolysis to study pyrolysis kinetics in isothermal conditions.
12
 More 
recently, the Dauenhauer group developed a thermal pulsing reactor, called Pulse-Heated 
Analysis of Solid Reactions (PHASR), that can precisely control heating time within a 
millisecond timescale and analyze the product distributions with GC-MS.
13
 This system 
was successfully applied to cellulose pyrolysis and demonstrated the size-dependence of 
reaction kinetics and temperature-dependent change of reaction mechanisms. Despite 
these recent technical advances, there currently is no tool available that can directly 
monitor each pyrolysis molecular product in real-time.  
 Here, we report an analytical platform to monitor each pyrolyzate in virtually 
real-time with sub-second temporal resolution. Combined with thin-film pyrolysis for 
isothermal kinetics conditions, we monitor the fast pyrolysis of a series of small 
carbohydrates (glucose, cellobiose, cellotriose, and cellotetraose). Additionally, fast 
pyrolysis of thin-film and powder of α-cyclodextrin and cellulose were studied to gain a 
better understanding of the size effect on reaction kinetics. Multiple insights were 
obtained from this study that could improve our fundamental understanding in biomass 
pyrolysis.  
 
Experimental Section 
Materials 
 Levoglucosan (1,6-anhydro-β-glucopyranose, Sigma-Aldrich, St. Louis, MO), 
glucose (Sigma-Aldrich), cellobiose (Fluka, St. Louis, MO), cellotriose (Carbosynth, San 
Diego, CA), cellotetraose (Santa Cruz Biotechnology, Dallas, TX), α-cyclodextrin 
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(Sigma-Aldrich), and cellulose (Sigmacell Type 20, Sigma-Aldrich) were purchased at 
the highest available purity. Isotopically-labeled 
13
C6-levoglucosan (>99% 
13
C atom) was 
purchased from Omicron Biochemicals (South Bend, IN) to serve as an internal calibrant. 
Thin-film preparation 
 Samples were dissolved or suspended in water (Fluka LC-MS ChromaSolv) at a 
concentration of 1 mg mL
-1
. Thin-films were prepared by transferring 0.5 µL of solution 
(0.5 µg sample loading) to the outside upper rim of 4 x 8 mm (diameter x height) 
cylindrical pyrolysis cups (Frontier) and placed under light house vacuum for 1 min to 
remove water. In all experiments, 0.05 µg of 
13
C6-levoglucosan (0.5 µL of 0.1 mg mL
-1 
solution) was spotted on the opposite side of the sample cup as an internal standard. The 
ion signals of 
13
C6-levoglucosan (m/z 186) was used to calibrate time-zero and quantify 
the amount of levoglucosan produced through pyrolysis. A good linearity was found for 
13
C6-levoglucosan samples between 5-100 ng (R
2
 = 0.995).  
Metal contamination of raw materials 
Sodium ion can leach from glass container at concentrations of 2-10 µM.
2
 Mineral 
contaminations have been reported to affect fast pyrolysis product distributions at 
concentrations as low as 500 ppm (~0.05 wt%), particularly alkaline salts such as NaCl 
and KCl.
3
 To minimize this effect, all samples were prepared in Teflon vials. Metal 
contaminants were quantified using inductively coupled plasma optical emission 
spectroscopy (ICP-OES; PerkinElmer Optima 8000; Waltham, MA) as shown in Table 1. 
All metal contaminations are present only in ignorable level. Cellulose was observed to 
have the highest concentrations of metal contaminants, which was further reduced by 
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washing with water and drying overnight at 35 °C. The washed cellulose was used for all 
subsequent experiments while all other samples were used as received. 
 
Table 1. ICP-OES analysis results of metal contaminations in glucose-based 
carbohydrates used in the current study. Concentrations of inorganic ions are shown in 
ppb. 
Sample Na K Ca Al Mg 
Levoglucosan - - - 4.9 0.6 
Glucose - - 1.7 3.2 0.5 
Cellobiose - - - - - 
Cellotetraose 49.6 22.4 75.0 - 14.0 
-Cyclodextrin - - 7.8 1.6 2.9 
Cellulose (unwashed) 780.1 233.2 57.2 44.7 7.9 
Cellulose (washed) 25.6 - 20.4 - 4.8 
* '-' indicates below the detection limit. 
 
Real-time monitoring of thin-film pyrolysis 
 Experimental details can be found in Supplementary Information and briefly 
overviewed here as illustrated in Figure 1. A drop-in micropyrolyzer is mounted on a GC 
inlet and directly connected to a time-of-flight mass spectrometer (TOF MS) by a 0.6 m 
inert transfer line (photo with description in Figure S1). Samples are dropped via 
deactivated stainless steel cups into a preheated furnace to achieve extremely fast heating 
rates (>1,000,000 °C min
-1
; ~5 ms to heat thin-films to 500 °C).
12
 To achieve kinetically-
limited isothermal condition,
12
 we pyrolyze a thin-film (<5 μm) of material deposited on 
the sample cup surface in amounts as little as 50 ng. After arriving the bottom of the 
furnace, the thin-film is heated, pyrolyzed, and evaporated. Pyrolyzed vapors are carried 
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away by helium carrier gas to escape the reactor, and are delivered to the TOF MS. Each 
time component (Tdrop, Theating, Tpyrolysis, Tevap, and Tescape illustrated in Figure 1A) 
contributes to the total time that are being measured by TOF MS, as well as the dead time 
spent in the transfer line and TOF MS (Tdead). The transfer line is heated at 280 °C to 
avoid condensation. For a batch run of two consecutive thin-film levoglucosan, which is 
thermally stable and only evaporates at 500 °C, the time difference between the two 
peaks was very reproducible within 0.05 s (Figure 1B). This reproducibility allows us to 
calibrate Tdrop, Tescape and Tdead, whereas Theating is ignorable for thin-film (~5 ms).
12
  
When the sample is loaded outside the cup on the top upper rim as a thin-film, the reactor 
residence time was found to be ~0.2 s, in contrast to ~0.6 s for a thin-film inside the 
bottom (Supplementary Info and Figure S2).  
TOF MS is a fast-scanning, high resolution mass spectrometer which can trace 
each molecular product with accurate mass (m ≤10 ppm). Pyrolysis products are ionized 
by dopant-assisted atmospheric pressure chemical ionization (dAPCI) with ammonia gas 
serving as a dopant,
14
 which produces no fragmentation and dramatically increases ion 
signals mostly as ammonium adducts for highly oxygenated compounds (i.e., 
[M+NH4]
+
). Figure 1C shows the mass spectrum of thin-film pyrolysis of glucose as an 
example. Because of the high mass accuracy, we could directly determine the chemical 
compositions of all the peaks, as we have demonstrated the similar approach but with GC 
separation in catalytic pyrolysis of cellulose.
14
 The C3 product (C3H6O3, 
dihydroxyacetone and its structural isomers), half of glucose and the result of ring 
breakage, is most dominant, followed by similar amounts of C2H4O2 (e.g., 
glycolaldehyde), C4H8O4 (e.g., erythrose), and C6H10O5 (levoglucosan and its structural 
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isomers). 
13
C6-levoglucosan is also observed at m/z 186.107; this was deposited on the 
opposite side of the outer rim of sample cup from the glucose sample for the purpose of 
time calibration and quantification. Figure 1D shows the time profiles of a few 
representative pyrolysis products of glucose by tracing each peak with narrow mass 
window (0.05 u). Here, the timescale is calibrated with the peak time of 13C6-
levoglucosan as time-zero, which, after calibration, corresponds to the pyrolysis time 
(Tpyrolysis) since it corrects for Tdrop, Tescape, Tdead, Theating, and Tevap (Figure 1A). It is 
possible that evaporation times might be slightly different for other pyrolyzates compared 
to levoglucosan, but we hypothesize the difference is ignorable at this high temperature. 
 
Figure1. Experimental overview of thin-film pyrolysis with subsecond time resolution. 
(A) Schematic diagram illustrating each time component contributing to the total 
measurement time. (B) Time difference between two consecutive runs of 
13
C6-
levoglucosan in batch mode is reproducible within 0.05 s. (C) Mass spectrum of thin-film 
glucose pyrolysis averaged over Tpyrolysis of -0.2 to 1 s. (D) Time profiles of each product 
in thin-film pyrolysis of 0.5 μg glucose and 0.05 μg 13C6-levoglucosan. *: Contamination 
peak. 
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Results and Discussion 
Real-Time Monitoring in Fast Pyrolysis of Glucose-Based Carbohydrates 
 The temporal profiles for the thin-film pyrolysis of glucose shown in Figure 1D 
provide several key insights about the pyrolysis process. First, there are slight differences 
between the pyrolysis times of each reaction product. For example, ~0.1 s for C2H4O2 
and ~0.2 s for C3H6O3, C4H8O4, and C6H10O5. The difference becomes clearer for larger 
carbohydrates (Figure 2) and suggests the pyrolysis reaction does not occur with the first-
order kinetics even for simple glucose pyrolysis. This indicates a failure of the lump-sum 
model and confirms the need to understand each reaction at the molecular level as 
suggested by the Broadbelt group.
6-8
 However, our experimental data do not agree with 
the Broadbelt model in fine detail. Glucose pyrolysis occurs much faster (<0.5 s) than 
predicted by them (>2 s) and some product yields do not match (further discussed later). 
The fact that the actual pyrolysis occurs much faster than predicted indicates many of the 
reaction parameters used in the Broadbelt model are either underestimated for frequency 
factors or overestimated for activation energies. 
The shortcomings of the theoretical model are largely attributed to 1) the 
imperfection of the proposed reaction mechanisms (e.g., missing reactions
15
) and 2) 
incorrect reaction parameters. The latter is especially significant because many of the 
reaction parameters were obtained by fitting to experimental data from pyrolysis-GC-MS 
analysis of 200-500 μg of material. Such large amounts of powder piled inside the sample 
cup leads to the significant sample dimension of ~0.5 mm and result in non-isothermal 
kinetics,
12, 16
 while isothermal kinetics are inherently assumed in the model. There will be 
a significant temperature gradient within the samples with non-isothermal kinetics both 
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for conductive
16
 and convective heating.
17
 It is known that isothermal thin-film pyrolysis 
dramatically reduces the levoglucosan yield compared to bulk pyrolysis (27 and 48 %C 
in thin-film and powder cellulose pyrolysis, respectively).
12, 16
  
 
 
Figure 2. Time profiles of select products in thin-film pyrolysis of 0.5 μg glucose, 
cellobiose, cellotriose, and cellotetraose. 
 
  There also are other limitations in fitting theoretical modeling to pyrolysis-
GC-MS data. Many of the pyrolysis products are not present in the EI-MS library and 
cannot be identified.
14
 Furthermore, thermally unstable compounds cannot survive typical 
GC-MS condition and will not appear in the spectrum. For example, glyceraldehyde 
(C3H6O3) is predicted in the reaction mechanism of Zhou et al.,
7
 but not present in their 
experimental data. Hence, it is assumed to isomerize to dihydroxyacetone, the only 
compound with the chemical composition of C3H6O3 in their experimental data but with 
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extremely low yield (0.11 %C). Glyceraldehyde is unstable at high temperatures and is 
difficult to detect with traditional GC-MS. However, thermally unstable pyrolysis 
products can be still detected in our instrumentation as long as they can survive for 0.2 s 
in the reactor at 500 °C and 0.3 s in the transfer line at 280 °C. High yields of C3H6O3 in 
our data can be explained as mostly coming from glyceraldehyde before they further 
break into smaller products. Zhou et al. seems to have underestimated the overall reaction 
rate of glucose pyrolysis by ignoring the high primary yield of glyceraldehyde. We 
confirmed the presence of glyceraldehyde in glucose pyrolysis by adding a short GC 
separation in our instrumentation and comparing with the standards.
15
 
 To understand the influence of glycosidic bonds on reaction mechanisms, several 
glucose-based carbohydrates with various chain lengths were pyrolyzed and their 
temporal profiles are compared in Figure 2. In the pyrolysis of larger carbohydrates, 
levoglucosan (C6H10O5) is much more abundant than C3H6O3 due to the readily cleavable 
glycosidic bonds. In the pyrolysis of glucose, the only reaction pathway to form 
levoglucosan is a water loss which might be slow. As the chain length increases from 
glucose to cellotetraose, so does the broadening of temporal profile as well as the 
pyrolysis time. This is because for larger molecules it takes longer for thermal energy to 
be distributed as vibrational degree of freedom increases, and there are many more 
reactions competing with each other. The difference between pyrolysis times for each 
product is clearer for larger carbohydrates, but there is a change in the trend. For 
cellobiose pyrolysis, small products (C2, C3) are produced earlier with peak positions of 
0.2-0.25 s and larger products (C6) appear later at the peak positions of ~0.35 s. For 
cellotetraose, however, the C6 products are observed at 0.35-0.45 s, similar to or slightly 
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earlier than small products appearing at 0.45-0.6 s. This suggests the presence of multiple 
mechanisms and increased contribution from glycosidic bond cleavage as the chain 
length increases. For example, bimodal distribution is observed for C2H4O2 (mostly 
glycolaldehyde), which can be produced either by directly breaking the glucose ring 
appearing earlier or consecutively after glycosidic bond cleavage.  
 The presence of the C8 compound, C8H14O7, in the pyrolysis of cellobiose or 
larger carbohydrates is quite interesting, which has not been reported in any pyrolysis-
GC-MS studies. This compound must be thermally unstable and would not survive 
typical Py-GC-MS conditions. We could not find this product when we ran μPy-GC-
dAPCI-TOF experiments by attaching a GC column to our system (Figure S3). Hurt et al. 
have detected this compound in on-line pyrolysis MS of cellobiose.
18
 They used a fast 
heating pyroprobe in an APCI interface to directly inject early pyrolysis products to an 
ion trap MS. This approach is complementary to our system, as they can detect early 
pyrolysis products with a life time shorter than ~0.2 s but cannot accurately monitor their 
time evolution because of significant heating lag (0.5 s to heat up to 500 °C). They 
observed C8H14O7 as the most abundant product, and determined its structure to be 
glucopyranosylglycolaldehyde from the combined study of MS/MS, pyrolysis of 
13
C-
labeled cellobiose, and quantum chemical calculation.
19
 The production of this compound 
can be explained as two consecutive retro aldol reactions, losing two glycolaldehydes as 
shown in Scheme 1. Unlike other products, C8H14O7  appears after ~0.2 s of time delay 
rather than immediately (Figure 2), which is the characteristic of consecutive reactions 
and agrees with Scheme 1. As a consequence, its pyrolysis peak time also appears later 
than the others. Glycolaldehydes produced in the first and the second reactions of Scheme 
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1 have different time scales, as well as another glycolaldehyde produced for the 
conversion of C8H14O7 to levoglucosan (the third reaction in Scheme 1), contributing to 
the bimodal distribution of glycolaldehyde and the shift of the average pyrolysis time in 
Figure 2.  
 
 
Scheme 1. Pyrolysis reaction pathway to yield C8H14O7 and its decomposition to 
levoglucosan. 
 
Quantitative Product Yields in Fast Pyrolysis of Glucose-based Carbohydrates 
 Product yields are difficult to measure accurately in our experiment because the 
ionization efficiency of each product is unknown and subject to experimental conditions. 
We tried several different methods to calibrate ionization efficiencies, such as comparing 
TOF MS to catalytic conversion FID
20
 with GC separation for standard samples or the 
pyrolysis products of glucose and cellulose. Unfortunately, we could not obtain reliable 
calibration due to the low signals and peak overlap in GC-FID and run-to-run variation 
with minute sample amount. From this set of experiments, it was consistent that the 
ionization efficiencies of small products are lower than that of levoglucosan. For 
example, C3H6O3 (glyceraldehyde and its structural isomers) has an ionization efficiency 
in the range of 10-45% of levoglucosan. The efficiency for ammonium adduct formation 
is mostly affected by the molecular size and ammonium ion affinity in dAPCI conditions. 
As the zeroth approximation, we hypothesized the ionization efficiency is proportional to 
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the number of carbons (as a measure of molecular size) as well as the number of oxygens 
(as a measure of ammonium ion affinity) in the pyrolysis product, which is then 
compared to that of levoglucosan. For example, the ionization efficiency of C3H6O3 is 
approximated to be 30% of levoglucosan. 
 As levoglucosan does not pyrolyze but only evaporates, the absolute 
quantification can be made with the standard either externally or internally. The 
calibration curve was made with 
13
C6-levoglucosan for the amount of 5-100 ng (R
2
 = 
0.995) and used to calculate the levoglucosan yield. Then, the yields of other pyrolyzates 
were calculated from the above approximation in ionization efficiencies. Internal and 
external calibration agree with each other, but external calibration was less susceptible to 
the experimental errors. Table 2 shows the carbon yield of major products in thin-film 
pyrolysis of glucose and its oligomers obtained by our direct real-time monitoring, 
compared with thin-film pyrolysis and powder pyrolysis in the literature obtained by GC-
FID/MS.
7, 12, 21
 It should be noted that our carbon yields have systematic errors due to the 
assumption made for ionization efficiency, except for levoglucosan, and but the trends for 
a series of carbohydrates should still hold for the same chemical compound. All three 
experiments used the same type of micropyolyzers, a single shot pyrolyzer from Frontier 
Laboratories (Model 2020S for Mettler et al. and Zhou et al., and Model 3030S for ours), 
but there was significant difference in the sample amount: only 0.5 µg by us and ≥ 200 
µg by others. The most significant difference is the reactor residence time, 0.2 s in ours 
vs ~0.6 s in others (explained in Figure S2). Additionally, other experiments experience 
the loss of non-volatile and unstable products (Table 2 and Figure S3). Thin-film 
pyrolysis occurs in isothermal kinetics conditions, whereas the sample dimension is 
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known to greatly affect the product distribution in powder pyrolysis, as discussed in the 
previous section.  
Levoglucosan (C6H10O5) yield is low in the pyrolysis of glucose but increases as 
the chain length in all experiments shown in Table 2; 2.1 to 20.1 %C in our data, 5.6 to 
28.4 %C in thin-film pyrolysis by Mettler et al., and 13.7 to 57.3 %C in powder pyrolysis 
by Zhou et al. This trend is quantitatively well correlated between the two thin-film 
pyrolysis data, except for the pyrolysis of -cyclodextrin (7.8 versus 25.5 %C). Mettler et 
al. found close correlation in the product yields of thin-film pyrolysis between α-
cyclodextrin and cellulose, and suggested α-cyclodextrin could be used as a surrogate of 
cellulose pyrolysis.
12
 However, we find some difference in the yields of larger products, 
such as levoglucosan, C6H8O4 and C8H14O7. This indicates that the pyrolysis of α-
cyclodextrin is slightly different from cellulose in the first sub-second. With a longer 
reactor residence time in Mettler et al., ~0.6 s instead of ~0.2 s, C8H14O7 or other larger 
intermediates would decompose into levoglucosan (Scheme 1), which will be further 
discussed in the next section. 
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Table 2. Carbon yield (in percent initial carbon) in the pyrolysis of glucose and its oligomers
a
. 
Chemical 
Composition
b
 
Thin-film pyrolysis:  
This work  
/ Mettler et al.
12, 21 
Powder pyrolysis: 
Zhou et al.
7 
Glucose Cellobiose Cellotriose Cellotetraose -Cyclodextrin Cellulose Glucose Cellulose 
C2H4O2  7.8 (1.6) 
6.7 (0.6) 
7.2 (0.7) 
5.8 
4.8 (0.2) 
6.4 
7.2 (1.8) 
5.9 
6.9 (0.8) 
8.8 (0.8) 
5.7 (0.8) 
8.5 (0.4) 
4.3 
 
5.5 
 
C3H6O3  16.6 (1.7) 
- 
7.8 (1.0) 
- 
5.2 (0.5) 
- 
3.6 (0.2) 
- 
2.0 (0.2) 
- 
1.3 (0.3) 
- 
0.11 
 
0.05 
 
C4H6O3  2.8 (0.2) 
- 
7.7 (0.4) 
- 
7.8 (1.0) 
- 
7.8 (0.7) 
- 
8.8 (0.7) 
- 
4.0 (0.4) 
- 
0.14 
 
0.08 
 
C5H6O3 1.1 (0.2) 
- 
1.8 (0.1) 
- 
2.2 (0.2) 
- 
2.6 (0.2) 
- 
3.5 (0.5) 
- 
2.2 (0.4) 
- 
0.26 0.62 
 
C4H8O4  2.6 (1.2) 
- 
4.7 (0.8) 
- 
2.3 (1.2) 
- 
1.8 (0.3) 
- 
0.8 (0.3) 
- 
0.4 (0.3) 
- 
- - 
 
C6H6O3  0.4 (0.1) 
12 (1) 
1.6 (0.4) 
15.3 
2.4 (0.3) 
13.5 
2.6 (0.4) 
10.5 
5.3 (0.8) 
4.0 (0.2) 
4.6 (1.3) 
4.2 (0.1) 
7.9 
 
1.5 
 
C5H8O4 2.0 (0.4) 
- 
1.5 (0.1) 
- 
1.5 (0.3) 
- 
1.1 (0.1) 
- 
0.8 (0.1) 
- 
0.7 (0.2) 
- 
- - 
 
C6H8O4  1.0 (0.3) 
1.6 
5.8 (1.0) 
2.6 
7.8 (1.3) 
3.0 
8.4 (0.6) 
3.7 
15.1 (1.8) 
7.9 
7.3 (1.0) 
5.9 
0.56 
 
7.4 
 
C6H10O5  2.1 (0.6) 
5.6 (1.1) 
8.3 (1.7) 
9.7 
9.3 (2.1) 
9.4 
7.3 (1.0) 
9.1 
7.8 (1.6)  
25.5 (1.0) 
20.1 (2.8) 
28.4 (2.0) 
13.7 
 
57.3 
 
C8H14O7  0.03 (0.03) 
- 
3.5 (0.2) 
- 
4.0 (0.8) 
- 
2.5 (0.8) 
- 
3.3 (0.7) 
- 
0.8 (0.2) 
- 
- 
 
- 
 
C12H20O10 - 
- 
0.04 (0.01) 
- 
0.07 (0.02) 
- 
0.07 (0.09) 
- 
0.15 (0.07) 
- 
0.39 (0.32) 
- 
- - 
a. Our %C yield is calculated assuming the ionization efficiency is proportional to the product of the number of carbons and the 
number of oxygens, normalized to the ionization efficiency of levoglucosan that was externally calibrated. The wt % data of Zhou et 
al. was converted to %C yield. The numbers in the parenthesis is 90% confidence interval. 
b. Our study cannot distinguish structural isomers, but can directly determine chemical compositions. For the data of others, pyrolysis 
products with the same chemical composition were summed together. Following is the known representative products for each 
chemical composition, ignoring positional isomers: C2H4O2, glycolaldehyde, acetic acid; C3H6O3, glyceraldehyde, 
dihydroxyacetone; C5H6O3, dianhydroxylose; C4H8O4, erythrose; C6H6O3, hydroxymethylfurfural, levoglucosenone; C6H8O4, 
dianhydroglucopyranose; C6H10O5, levoglucosan; C8H14O7, glucopyranosyl-glycolaldehyde; C12H20O10, cellobiosan. 
1
2
3
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 The smallest product we can detect, C2H4O2, shows similar yield between the two 
thin-film pyrolysis experiments. It is mostly glycolaldehyde, although acetic acid is also 
present with a much lower yield. The agreement is remarkable in spite of very rough 
correction for the ionization efficiency, and they both have minimal change as the chain 
length. The effect of the reactor residence time seems to have minimal impact in this 
case. The longer residence may result in the decomposition of some glycolaldehyde to 
one carbon products such as carbon monoxide; however, such a loss might be 
supplemented by the breakdown of intermediate compounds such as C8H14O7 in Scheme 
1.  
 The yield for C6H6O3 agrees relatively well between the two thin-film pyrolysis 
for α-cyclodextrin and cellulose, but Mettler et al. shows much higher yields for small 
oligosaccharides (10.5-15 %C compared to 0.4-2.6 %C in ours). It might be related with 
the reaction mechanism. The major structural isomer of C6H6O3, hydroxymethylfurfural 
(HMF), can be produced through the isomerization to linear structure
7
 or glycosidic bond 
cleavage.
12
 The former mechanism is expected to be dominant for glucose and small 
carbohydrates (i.e., ring opening at the end chain) and slow as it requires rearrangement. 
In contrast, the latter mechanism is expected to be dominant for α-cyclodextrin and 
cellulose and faster as it is initiated by the direct glycosidic bond cleavage. This is in 
agreement with Table 2 in that the reactor residence time has minimal effect for the fast 
reaction in α-cyclodextrin and cellulose, but makes a difference for the slow reaction in 
small oligosaccharides, especially low yields for the short reactor residence time. 
 Some chemical compounds are uniquely observed in our dataset, such as C3H6O3, 
C4H6O3, and C4H8O4. It is attributed to the instability of these compounds and/or absence 
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in NIST EI-MS library. We could detect these compounds and determine their chemical 
compositions thanks to a short reactor residence time, soft dAPCI ionization, and high-
resolution MS measurement. C4H6O3 is recognized in the data set of Zhou et al. as an 
unknown compound with MW of 102. The yield for C3H6O3 dramatically decreases from 
16.6 to 1.3 %C as the contribution from glycosidic bond increases. The major primary 
product of C3H6O3 is glyceraldehyde, which is unstable at high temperatures and easily 
breaks into smaller products with a longer reactor residence time.
15
 Most of the product 
yields in powder pyrolysis are quite different from thin-film pyrolysis, but general trend 
between glucose and cellulose pyrolysis mostly agrees with thin-film pyrolysis by 
Mettler et al. For example, the yield increases for levoglucosan (C6H10O5) and 
dianhydroglucose (C6H8O4) and decreases for hydroxymethylfurfural (C6H6O3) as the 
chain length. 
Real-Time Monitoring of α-Cyclodextrin and Cellulose  
 The most dramatic result was found when we pyrolyzed thin-film cellulose and 
thin-film α-cyclodextrin, as shown in Figure 3. For both cellulose and α-cyclodextrin, no 
products appear for the first second, then each pyrolysis product shows up with relatively 
similar temporal profiles. This time delay is unique to cellulose and α-cyclodextrin, and 
is not found in small carbohydrates (Figure 2). Cellulose and α-cyclodextrin have no or 
few end-chains unlike other small carbohydrates and are composed mostly of glycosidic 
bonds. Cellulose has a crystalline structure with strong hydrogen bonding between 
cellulose molecules and α-cyclodextrin is known to crystallize from water as a 
hexahydrate with interlocking hydrogen bonding.
22
 We hypothesize that this network of 
hydrogen bonding needs to be broken apart, or “zipped off”, along with partial mid-chain 
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breakages to transform to an intermediate state, which corresponds to “active cellulose”23 
or molten phase,
9
 before volatile pyrolyzates are produced. The lack of distinct 
differences between the temporal profiles might be due to the fact that their detection is 
not limited by reaction kinetics but rather vaporization or escape from the molten phase. 
Some peak fluctuations, especially in the pyrolysis of larger amounts, are attributed to 
mostly coming from the aerosol ejections,
9-10
 which are not reproducible between runs.  
 
 
Figure 3. Temporal profiles in various amounts of thin-film pyrolysis of cellulose (top) 
and -cyclodextrin (bottom). "Outside" indicates thin-film deposited on the top outer rim 
of sample cups and "Inside" indicates thin-film deposited at the bottom inside of sample 
cups. 
 
 Despite both carbohydrates having the same time delay of one second, the relative 
product yields are quite different between cellulose and α-cyclodextrin. Especially when 
small amounts are deposited on the outside of the sample cup (left four figures in Figure 
1), much higher yields of dianhydroglucopyranose (C6H8O4) and intermediate product 
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(C8H14O7) are observed in α-cyclodextrin compared to cellulose. This is in contrast to 
Mettler et al.,
12
 where α-cyclodextrin was suggested as a surrogate for cellulose pyrolysis 
considering the similarity in product distribution in thin-film pyrolysis. It is, again, 
attributed to the reactor residence time difference. For example, intermediate product 
(C8H14O7) in thin-film pyrolysis of α-cyclodextrin might further break apart to yield 
levoglucosan (C6H10O5) when subjected to sufficient reactor residence time. In fact, when 
thin-film of α-cyclodextrin is pyrolyzed inside the cups (right four figures in Figure 2), 
much less intermediate product is observed and the product distribution is more similar 
between α-cyclodextrin and cellulose. Powder pyrolysis inside the sample cup also shows 
similarity between cellulose and α-cyclodextrin (Figure S4). As the amount of material 
increases, it takes longer for pyrolysis to complete for both thin-film and powder. The 
overall pyrolysis time (>20 s) for a large amount of sample (250 g) is attributed to the 
inefficient heating of unpacked particles
16
 and/or the longer time necessary for the 
pyrolyzates to escape from the molten phase. It should be noted, however, that the actual 
pyrolysis time of this dimension in pilot scale reactors, such as fluidized bed reactors, 
would not be as much significant because conduction heating is three-dimensional in 
those situations rather than one-dimensional as in the current study. 
Cellobiosan (C12H20O10) is non-volatile and cannot be observed in typical GC-MS 
or Py-GC-MS analysis, unless volatilized through off-line derivatization,
10
 but is 
observed in our dataset for large carbohydrates (Table 2). The yield for cellobiosan is 
highest with α-cyclodextrin and cellulose, and increases significantly when a large 
amount of materials are pyrolyzed for both thin-film and powder pyrolysis (Figure 3 and 
Figure S4). Since it is non-volatile, cellobiosan is unable to escape the reactor through 
128 
 
 
vaporization but must be a result of aerosol ejection.
9-10
 This indicates another advantage 
of this instrumentation since it has the capability to detect non-volatile compounds in 
addition to unstable intermediates. 
 
Conclusions 
 We have developed a new analytical platform that can monitor the molecular 
products in the fast pyrolysis of biomass in almost real-time. Several new insights have 
been obtained by applying it to the pyrolysis of glucose-based carbohydrates. The major 
findings include: 1) the pyrolysis of small carbohydrates occurs much faster than 
previously expected, as little as one-half second for glucose pyrolysis, 2) the existence of 
"metastable" intermediates was confirmed that was previously reported by Hurt et al. in 
the pyrolysis of cellobiose under ambient condition,
18
 3) one second of significant time 
delay was observed in thin-film pyrolysis of cellulose and α-cyclodextrin, which was 
attributed to the transition to molten phase, and 4) significant difference is observed in 
the distribution of product yields between ours and Mettler et al., and explained mostly 
coming from the difference in reactor residence time. With the advent of this and other 
modern technological developments, we envision a full fundamental understanding of the 
complex biomass pyrolysis would become possible in the near future that will lead to the 
better control of the product yield distributions. 
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Supporting Information 
Micropyrolysis-dopant-assisted APCI-TOF MS 
Thin-film pyrolysis was conducted using a micropyrolyzer-time-of-flight mass 
spectrometer shown in Figure S1. Samples were pyrolyzed using a drop-in microfurnace 
pyrolyzer (AS-1020E auto shot sampler and 3030S micropyrolyzer; Frontier 
Laboratories, Fukushima, Japan) with a preheated furnace temperature of 500 °C. 
Pyrolysis vapors are transported by ultrahigh purity helium carrier gas at a flow rate of 1 
mL min
-1
 through a short deactivated fused silica transfer line (0.6 m; SGE Incorporated, 
Pflugerville, TX) with the GC oven (Agilent 7890A, Palo Alto, CA) temperature set at 
280 °C to prevent condensation. Products were ionized by dopant-assisted atmospheric 
pressure ionization (dAPCI) and detected using a high-resolution Agilent 6200 TOF MS 
(m/Δm ~7,000 at m/z 200) scanning over a mass range of m/z 60-1000 at a scan speed of 
20 Hz (0.05 s per spectra).  
APCI is a soft ionization technique commonly used for LC-MS but produces 
significant fragmentation when coupled with a GC interface. We use ammonia gas as a 
dopant to improve sensitivity and minimize fragmentation, as previously described.
1
 
Briefly, preheated ammonia (500 ppm in He; Praxair, Dansbury, CT) flows into the 
source chamber at 1 mL min
-1
 as a sheath gas and is introduced to APCI ion source 
interface. Ammonium ions formed by corona discharge (1 kV) ionize analytes through 
ammonium adduct formation for carbohydrate-type compounds, forming a stable adduct 
ion with almost no fragmentation. Humidity influences ion signals, especially in winter 
time when lab air is very dry, and a humidity control setup was used to by infusing N2-
bubbled water vapor into the source at 1:1 ratio with dry N2 (not shown in Figure 1). 
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Multiple samples were run as a batch mode with 0.1 min run time each. The time 
difference between levoglucosan peak maxima is very reproducible (Δt = 135.00 s) when 
two consecutive sample cups of thin-film levoglucosan were dropped in batch mode. The 
time error is minimal (± 0.05 s) and simply comes from the TOF MS scanning time. The 
extra 129 s is due to the dead time for the communication between autosampler, mass 
spectrometer, and computer, as well as the preparation time for the autosampler, 
including ejecting the used sample cup; however, this time is very reproducible.  
Measurement of reactor residence time  
To estimate the residence time of pyrolysis vapor inside the reactor, two 
consecutive cups of thin-film levoglucosan was dropped into the furnace in batch mode 
using an autosampler, with the thin-film deposited on the top outside rim for the first 
sample and on various positions for the second (Figure S2). We expect almost no reactor 
residence time for the sample deposited at the bottom of the cup, because we observed no 
pyrolysis product when glucose is deposited at the bottom of the cup (data not shown). 
Compared to levoglucosan deposited at the bottom position (Figure S2A), it takes 0.2 s 
longer when the second one is deposited at the top outside rim of the cup (Figure S2B), 
suggesting the reactor residence time is ~0.2 s at the position. In contrast, when 
levoglucosan thin-film is deposited inside the cup at the bottom, the time profile is 
significantly broader, ~0.6 s compared to ~0.2 s, and it takes average of ~0.6 s to escape 
the reactor (Figure S2C). The broadening in temporal profiles for the sample inside the 
cup is attributed to gas turbulence for the carrier gas to carry away pyrolyzates. All our 
experiments, unless otherwise noted, were performed with a thin-film of 0.5 μg materials 
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deposited on the outer top corner of sample cup and expected to have the reactor 
residence time of ~0.2 s.  
Oven
Ammonia	gas	(dopant)
dAPCI interface
Soft	ionization
No	fragmentation
Autosampler
Control	sample	drop	time
:	drop	time	of	0.2	s
Micro
pyrolyzer
:	Preheated	
@	500	°C
Short	sample	
transfer	line	
@	280	°C:	
~0.29	s
TOF	MS
Fast	scan	0.05	s/scan
High	resolution
 
Figure S1. Micropyrolyzer-dAPCI-TOF MS system with a short description for each 
compartment. 
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Figure S2. The elution time changes depending on the thin-film positions. The extracted 
ion chromatograms (EICs) of isotopically-labeled 
13
C6-levoglucosan ([
13
C6H10O5+NH4]
+
, 
m/z 186.107) in thin-film pyrolysis at 500 °C with the spotting location (red mark) of cup 
2 as (A) outside bottom, (B) outside upper rim, and (C) inside bottom. The time 
difference (Δt) is calculated by peak maximum except for (C), which is peak area center 
due to peak broadening and irregularity.  
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Figure S3. Summed mass spectra of cellobiose fast pyrolysis without and with GC 
separation. Non-volatile and/or unstable products (C8H14O7, C10H18O9, C12H20O10) are 
missing with GC. 
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Figure S4. Temporal profiles of powder pyrolysis of various amounts of cellulose (top) 
and -cyclodextrin (bottom). All samples were placed inside the cups. 
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